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The  p+-gridded  MNOS  capacitor,  which  enables  the  simulation  of 
the  operational  characteri sties  of  the  MNOS  FET,  was  used  to  study  the 
effects  of  processing  parameter  variations  and  endurance  stress  on  the 
S i / S i 0 2 interface-state  density  and  retention  characteristics  of  the 
MNOS.  A model  was  derived  theoretically  for  this  device,  and  based  on 
this  model,  a FORTRAN  program  was  written  to  extract  the  device 
parameters  from  the  measured  C-V  data  using  the  QSCV  technique.  A 
second  FORTRAN  program  was  developed  to  simulate  the  experimental  C-V 
curves  using  the  measured  device  parameters.  The  simulation  of  the 
high  frequency  C-V  curves  in  the  accumulation  region  necessitated  a 
slight  modification  of  the  basic  model.  Four  processing  variations 
were  used  in  this  study. 

The  measured  S i / S i 0 2 interface-state  density  distribution  across 
the  silicon  bandgap  has  a general  U shape,  modified  by  humps  in  the 


xvi 


upper  or  the  lower  half  of  the  bandgap.  The  interface-state  density 
minimum  values  for  the  four  experimental  devices  ranged  from  2X1011  to 
10  eV  cm  . The  differences  in  these  characteristics  were  inter- 
preted in  terms  of  the  different  chemical  compositions  and  structures 
resulting  from  the  variations  in  the  processing  conditions. 

The  retention  characteristics  were  measured  for  the  four  devices, 
and  these  characteristics  and  their  differences  were  interpreted  in 
terms  of  the  different  chemical  compositions  and  structures.  The 
effects  of  increased  temperature  on  the  retention  characteri sties  were 
studied,  and  the  differences  in  these  characteristics  were  used  to 
infer  relative  nitride  trap  depths  in  the  four  devices. 

The  effects  of  Write/Erase  cycling  and  bias-temperature  stress  on 
the  Si / S i 0 2 interface-state  density  and  the  retention  characteri sties 
of  the  four  devices  were  studied.  The  effects  of  Write/Erase  cycling 
on  the  surface  potential  versus  gate  voltage  curve  were  also  studied. 
The  higher  and  broader  Si/SiC^  interface-state  density  curves  resul- 
ting from  endurance  stress  were  interpreted  in  terms  of  different 
degradation  models.  These  models  along  with  the  chemical  compositions 
and  structures  arising  from  the  different  processing  conditions  were 
used  to  explain  the  effects  of  endurance  stress  on  the  retention 
characteristics. 
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CHAPTER  I 
INTRODUCTION 


The  Metal -Ni  tride-Oxide-Semiconductor  (MNOS)  device  is  used  as  a 
non-volatile  memory  element.  The  threshold  voltage,  which  defines  the 
memory  state,  can  be  altered  from  its  original  value  to  either  of  two 
stable  state  values,  one  more  positive  (0)  and  one  more  negative  (1), 
by  the  application  of  a voltage  pulse  of  the  appropriate  polarity  and 
sufficient  magni  tude.  The  principle  of  the  MNOS  device  lies  in  the 
charge  accumulation  near  the  oxide/nitride  interface  during  charging 
due  to  the  difference  in  the  conductivities  of  the  two  insulators  and 
trapping  of  this  charge  at  the  oxide/nitride  interface  and  in  the 
nitride.  The  trapped  charge  undergoes  very  slow  back-tunnel ing  through 
the  oxide  and  slow  redistribution  into  the  nitride  during  retention 
and  the  application  of  low  Read  voltages.  The  schematics  of  an  MNOS 
capacitor  and  a drain-source  protected  (DSP)  MNOS  FET  are  shown  in 
Figure  1.1  [1],  In  the  latter,  the  thick  oxide  layer  adjacent  to  the 
source  and  the  drain  protect  the  thin  oxide  memory  region  from  high 
electric  fields  and  crystal  defects  in  the  source  and  the  drain. 

Because  its  memory  state  is  electrically  alterable,  the  MNOS  is 
used  in  EAROM's.  Being  non-volatile,  it  conserves  power  and  is  useful 
in  power  down  situations.  Hence,  it  has  military  applications  such  as 
in  radar  signal  processors  and  guidance  and  control  systems.  It  has  an 
endurance  of  up  to  about  10^  Write/Erase  cycles,  which  enables  its 
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use  in  RAM's  such  as  the  block-oriented  RAM  (BORAM)  [1],  MNOS  is  not 
suitable  in  very  rapidly  reprogrammed  memories  such  as  computer  main 
memories,  where  the  limit  of  endurance  may  be  exceeded  in  a very 
short  time.  However,  it  can  be  used  in  computer  secondary  memories.  It 
has  applications  also  in  airborne  and  spacecraft  recorders  and  stored 
program  systems.  It  has  a cumulative  retention  time  of  up  to  ten  years 
and  a retention  capability  up  to  about  150°C  [1,2]. 

The  MNOS  was  developed  as  a result  of  the  efforts  to  resolve  the 
ion  drift  problem  in  MOS  devices  due  primarily  to  contaminant  sodium 
ions.  This  ion  drift  causes  the  threshold  voltage  to  shift  and  is 
therefore  undesirable  in  memory  elements.  Silicon  nitride,  which  has  a 
higher  density  than  silicon  dioxide,  causes  the  mobility  of  sodium 
ions  in  it  to  be  1 ower.  The  use  of  a thick  nitride  layer  along  with  a 
thin  oxide  layer  avoids  the  ion  drift  problem  and  inversion  failure  of 
thick  oxide  MOS  and  seals  the  surface  against  oxygen,  water  vapor  and 
other  contaminants.  Silicon  dioxide,  on  the  other  hand,  is  permeable 
to  moisture  and  radiation.  The  double  dielectric  layer  also  inhibits 
time  dependent  dielectric  breakdown  (TDDB)  associated  with  MOS  de- 
vices, since  the  probability  that  the  defects  in  the  two  layers  would 
be  lined  up  to  facilitate  this  failure  is  remote.  The  S i 0 2 layer 
serves  as  a charge  trapping  barrier  and  reduces  (passivates)  the  large 
number  of  states  at  the  silicon  surface  due  to  the  abrupt  termination 
of  the  periodic  lattice. 

The  Metal -Ni tri de-Semiconductor  (MNS)  device  has  been  considered 
as  a possible  memory  device,  but  it  has  been  shown  to  have  a very 
significant  threshold  voltage  hysterisis.  This  is  due  to  charge 
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trapping  at  the  nitride/silicon  interface,  which  has  a high  state 
density.  Also,  the  absence  of  the  oxide  layer  gives  poorer  retention 
in  this  device  than  in  the  MNOS. 

Interface-doped  MNOS  devices  have  been  studied  [2].  Since  most  of 
the  charge  is  trapped  at  the  doped  oxide/nitride  interface,  these 
devices  require  smaller  and  shorter  Write  pulses.  This  enables  the  use 
of  a thicker  oxide  to  obtain  improved  retention.  However,  because  of 
reduced  endurance,  these  devices  have  limited  applicability. 

A recent  development  in  the  Metal -Insul ator-Semi conductor  (MIS) 
family  is  the  Metal -Oxide-Ni tride-Oxide-Semiconductor  (MONOS)  [3],  The 
top  oxide  layer  enables  the  use  of  a nitride  layer  as  thin  as  50  A,  so 
that  Write/Erase  voltages  of  only  about  ± 6 V are  required.  Thus, 
MONOS  can  be  used  in  MOS  LSI  circuits,  where  the  use  of  MNOS,  which 
needs  voltages  of  ± 25  V,  is  precluded.  The  top  oxide  blocks  hole 
injection  from  the  gate,  thus  preventing  the  creation  of  traps  in  the 
oxide  and  at  the  Si / S i 0 2 interface.  Therefore,  the  MONOS  is  expected 
to  have  better  retention  and  endurance  characteri sti cs  than  the  MNOS. 
However,  this  has  yet  to  be  verified,  as  the  MONOS  is  still  in  an 
early  stage  of  development. 

The  Si / S i 0 2 interface  is  considered  to  play  a very  important  role 
in  retention  and  device  degradation.  Therefore,  it  has  been  studied 
extensively  using  the  Quasi-Static  Capacitance  (QSCV),  Conductance, 
Thermally  Stimulated  Current  (TSC),  Deep  Level  Transient  Spectroscopy 
(DLTS)  and  Constant  Capacitance  DLTS  (CCDLTS)  techniques.  Of  these, 
the  QSCV  technique  is  the  simplest  and  most  economical  and  is  there- 
fore very  useful  when  a large  number  of  measurements  are  involved  such 
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as  in  a study  of  the  effects  of  varying  the  processing  parameters  and 
of  Write/Erase  cycling.  Also,  as  relative  values  are  of  primary 
interest  in  such  studies,  errors  tend  to  cancel  out.  The  Q SC V 
technique  can  be  made  very  accurate  by  model  1 irig  the  experimental 
device  accurately  and  recognizing  the  bias  range  within  which  only 
deterministic  parameters  play  a significant  role. 

Charging  and  discharging  mechanisms  and  basic  device  physics  of 
the  MNOS  device  are  now  well  established.  Although  various  mechanisms 
for  charge  trapping,  charge  decay  and  degradation  have  been  proposed, 
these  processes  are  not  yet  fully  understood.  The  most  recent  research 
efforts  have  been  directed  at  studying  the  chemical  structure  and 
composition  of  the  important  regions  of  the  device  and  the  effects  of 
varying  the  processing  parameters  on  device  performance,  retention  and 
degradation. 

A p+-grid  diffusion  on  the  n-silicon  substrate  enables  the  use  of 
an  MNOS  capacitor  to  simulate  the  operational  characteristics  of  an 
MNOS  FET,  while  avoiding  the  multiple  masking  operations  required  for 
the  latter.  It  facilitates  the  rapid  injection  and  removal  of  minority 
carriers  into  and  from  the  silicon  nitride  and  the  silicon  inversion 
region.  Thus,  Write/Erase  speeds  comparable  to  those  of  MNOS  FET's  are 
achieved.  Being  readily  available,  the  minority  carriers  respond  to 
a.c.  signals  of  considerably  higher  frequencies  than  in  MOS  or  regular 
MNOS  devices. 

The  gridded  structure  has  been  used  for  charge  transfer  and 
retention  studies  [4],  but  no  attempt  has  been  made  to  model  it.  In 
this  research,  a model  is  derived  for  the  p+-gridded  MNOS  device,  and 
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the  QSCV  technique  [5]  is  adapted  for  this  structure  to  extract  the 
interface-state  density  distribution  in  the  silicon  energy  bandgap 
from  C-V  measurements.  The  dependence  of  retention  and  endurance  on 
the  i n terf ace- s tate  density  and  of  retention  on  temperature  and  the 
effects  of  processing  parameter  variations  on  the  interface-state 
density,  retention  and  endurance  are  studied.  The  results  are  inter- 
preted in  terms  of  chemical  compositions  and  structures. 

In  Chapter  II,  device  physics  and  conduction  processes  are  des- 
cribed. The  admittance  parameters  of  the  MNOS  and  the  mechanisms 
underlying  the  behavior  of  these  parameters  during  voltage  and  fre- 
quency sweeps  are  discussed  in  Chapter  III.  The  fabrication  process, 
the  salient  features  of  the  device  and  the  measuring  techniques  used 
in  this  research  are  described  in  Chapter  IV.  Also  in  this  chapter,  a 
slightly  modified  version  of  the  theoretical  device  model  is  used  to 
simulate  the  experimental  C-V  curves.  The  traps  and  the  charges  in  the 
different  regions  of  the  device,  their  chemical  origins  and  the 
influences  of  different  processing  conditions  on  these  traps  and 
charges  are  discussed  in  Chapter  V.  In  Chapter  VI,  the  retention 
characteri sties  and  their  temperature  and  processing  variation  depen- 
dences are  described.  Degradation  effects  and  the  influences  of 
processing  variations  on  these  effects  are  studied  in  Chapter  VII. 
Conclusions  of  this  research  and  recommendations  for  future  work  are 
given  in  Chapter  VIII. 

In  Chapter  II,  charges,  capacitances  and  conductances  in  expres- 
sions have  per  unit  area  values.  The  QSCV  analysis  of  MNOS  is  similar 
to  that  of  MOS,  provided  that  the  C-V  sweep  does  not  induce  memory 
charges.  Values  of  constants  are  listed  in  Appendix  A. 


CHAPTER  II 

DEVICE  PHYSICS  AND  CONDUCTION  PROCESSES 

2.1  Energy  Band  Diagrams  and  C-V  Curves 

Figure  2.1  shows  the  energy  band  diagram  for  n-silicon  MNOS  at 
zero  bias  for  the  ideal  case  and  for  positive  and  negative  trapped 
charges,  where  Ec,  Ey,  E^ , Ep,  Eq,  Eg  and  Epm  are  respectively  the 
conduction  band  edge,  valence  band  edge  and  midgap  energy  levels  in 
the  silicon  bulk,  the  Fermi  and  donor  energy  levels  of  silicon,  the 
bandgap  energy  of  silicon  and  the  Fermi  energy  level  of  the  metal;  x 
is  the  electron  affinity  of  silicon;  and  VpB  is  the  flatband  voltage. 
Figure  2.2  shows  the  high  frequency  C-V  curves  for  the  three  cases  of 
Figure  2.1,  where  CM  is  the  measured  capacitance,  and  Vq  and  V are 
the  gate  and  threshold  voltages  respectively.  The  factors  that  cause 
deviations  from  the  ideal  energy  band  diagram  are  the  stored  memory 
charge;  the  metal -semiconductor  work  function  difference;  thermal 
oxides,  which  give  rise  to  deviation  in  the  oxide  energy  bands  due  to 
inhibition  of  carrier  conduction  [6];  and  thin  oxides,  which  give  rise 
to  non-abrupt  band  edges  due  to  oxynitride  formation  [7]. 

Figure  2.3  shows  the  low  and  high  frequency  C-V  curves  of  the  n- 
s i 1 icon  MNOS  capacitor,  depicting  the  three  charac teri sti c charge 
regions.  Figure  2.4  shows  the  energy  band  diagrams  corresponding  to 
these  three  regions.  The  following  definitions  in  terms  of  the  silicon 
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Fig. 2.1  Energy  band  diagram  of  n-silicon  MNOS  at  zero  bias  for 
(a)  the  ideal  case,  (b)  positive  stored  charge  and 
(c)  negative  stored  charge. 
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Fig. 2. 3 Low  and  high  frequency  C-V  curves  of  n-silicon  MNOS, 
depicting  the  accumulation,  depletion  and  inversion 
regions. 
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Fig. 2.4  Energy  band  diagram  of  n-silicon  MNOS  in  (a)  accumulation, 
(b)  depletion  and  (c)  inversion. 
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surface  potential  0 s and  the  silicon  surface  carrier  densities  are 
used  to  physically  distinguish  the  characteristic  charge  regions: 

(a)  Accumulation:  0S  > 0;  the  surface  majority  carrier  density  ns  > 

the  donor  density  Nq. 

(b)  Flat-bands:  0S  = 0;  ns  = Nq. 

(c)  Depletion:  0$  < 0;  the  surface  is  depleted  of  majority  carriers; 

the  silicon  charge  is  due  to  ionized  donors  only;  ns  < Nq. 

(d)  Onset  of  inversion:  ds  = - 0g;  where  0B  is  the  bulk  potential 

(i.e.  the  difference  between  the  Fermi  and  midgap  energy 
levels  in  the  silicon  bulk;  0B  > 0 for  n-silicon  device); 
ns  = the  surface  minority  carrier  density  p$;  i.e.  the 
surface  is  intrinsic. 

(e)  Weak  inversion:  0S  < - 0B;  ps  > n$. 

(f)  Onset  of  strong  inversion:  0S  = - 20B;  the  depletion  width  satu- 

rates; ps  = Nq. 

(g)  Strong  inversion:  ds  < - 2 0B;  ps  > Nq. 

Figure  2.5  shows  the  actual  energy  band  diagram,  where  0^,  0gx^, 
^OxS’  ^N  anc*  ^0x  are  ^especti  vely  the  metal  work  function,  the  oxide- 
nitride  and  Si  - S i 0 2 work  function  differences  and  the  voltages  across 
the  nitride  and  the  oxide;  and  Ecs,  E^s  and  Evs  are  respectively  the 
conduction  band  edge,  midgap  and  valence  band  edge  energy  levels  at 
the  silicon  surface.  The  convention  used  is  that  the  positive  poten- 
tials point  downwards,  and  vice-versa.  At  zero  gate  bias,  the  Fermi 
levels  in  the  metal  and  the  silicon  equalize  by  electron  transfer  from 
the  silicon  to  the  metal  through  some  external  conductive  path.  The 
electrons  are  drawn  from  the  silicon  surface,  causing  depletion  and 
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band-bending.  The  negative  charge  of  the  electrons  at  the  gate  is 
balanced  by  the  positive  ionic  charge  at  the  silicon  surface. 

2.2  Physical  Parameters 

Figure  2.6  shows  the  charge  distribution  in  the  MNOS  device, 
where  QM,  QqxN,  Qss,  Qn  and  Qd  are  the  gate,  the  oxide/nitride 
interface,  the  Si/Si02  interface-state,  the  inversion  layer  and  the 
depletion  layer  charges  respectively;  PN(x)  is  the  nitride  charge 
density  at  a distance  x from  the  oxide/nitride  interface;  and  Tgx  and 
T|\l  are  the  oxide  and  nitride  thicknesses  respectively. 

From  the  depletion  approximation  and  the  integral  of  Poisson's 
equation,  the  electric  field  in  the  silicon  depletion  layer  at  a 
distance  x from  the  Si/Si02  interface  is  obtained  as  [8] 

FSi(x)  = (qNo/eSi ) (x-xd)  (2.1) 

where  q is  the  electron  charge,  is  the  silicon  permi tti vi ty,  and 
x d is  the  depletion  layer  width.  Applying  Gauss's  Law,  the  oxide  and 
nitride  electric  fields  are  obtained  from  the  silicon  surface  field  Fs 
as  respecti vely 


F0x  (eSi^e0x^Fs 

(2.2) 

FN  = (£0x/eN)F0x 

(2.3) 

where  £gx  and  are  the  oxide  and  nitride  permittivities  respec- 
tively. The  silicon,  oxide  and  nitride  potentials  at  a distance  x from 
the  Si  / S i 0 2 interface  are  obtained  by  integrating  the  corresponding 
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Fig. 2. 6 Complete  charge  distribution  in  the  n-silicon  MNOS 
capacitor  in  inversion  (for  negative  stored  charge). 
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electric  fields  as  respectively 
»S1<*)  = <qND/2esi)(xd-x)2 
<WX>  = F0xx  + »s 


0n(x) 


fN • ( x_T0x ) + ^Ox 


x=_TOx 


(2.4) 

(2.5) 

(2.6) 


The  ideal  electric  field  and  potential  distributions  in  the  MNOS 
device  are  shown  in  Figure  2.7. 

From  the  charge  neutrality  condition,  Kirchhoff's  voltage  law, 
Faraday's  law  and  Gauss's  law,  the  gate  voltage  is  obtained  as  [2] 


VG  " Q S i / C I - (1-xc/TN)Qt/Cn  + ^MS  + ^s  (2.7) 


where  QSi  = Qsc  + Qss  is  the  total  silicon  charge;  Qsc  is  the  silicon 
space  charge,  which  is  equal  to  Qd  in  depletion  and  Qn+Qd  in  inver- 
sion; Cj  is  the  total  insulator  capacitance;  xc  is  the  distance  of  the 
nitride  charge  centroid  from  the  oxide/nitride  interface,  given  by 


N 

xc  = (I/QjKq  xPN(x)dx 
Qj  is  the  total  stored  charge,  given  by 


(2.8) 


QT  " Q0xN  + fo  pn(x)c*x 

CN  is  the  nitride  capacitance; 
function  difference,  given  by 


(2.9) 

and  is  the  metal -semiconductor  work 


% " + ^OxN  ” (^0xS_!zSB+Eg/2) 


(2.10) 
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Fig. 2. 7 Ideal  (a)  electric  field  and  (b)  potential  distributions 
of  the  n-silicon  MNOS  capacitor  in  depletion. 
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If  a localized  charge  Q was  present  in  the  oxide  at  a distance  x from 
the  Si / S i 0 2 interface,  the  charge  quantity  ( l-xCj/e0x)Q  must  be  added 
to  QSi  in  (2.7).  The  effect  of  this  charge  is  minimum  when  x = Tgx 
(i.e.  at  the  oxide/nitride  interface)  and  is  maximum  when  x = 0 (i.e. 
at  the  Si / S i 0 ^ interface).  If  a distributed  oxide  charge  was  present 
with  a density  Pqx(x)  at  a distance  x from  the  S i / S i 0 2 interface,  the 
following  must  be  added  to  the  right  side  of  (2.7): 

Tqx  Tgx 

- ( 1/Cj )/Q  P0x(x)dx  + (l/e0x)/o  xp0x(x)dx 

From  (2.1),  the  electric  field  at  the  n-silicon  surface  is  ob- 
tained as 

Fs  = - qNDxd/eSi  (2.11) 

where  xd  is  obtained  by  integrating  (2.1)  from  the  depletion  1 ayer 
edge  to  the  Si / S i 0 2 interface  and  is  given  as 

xd  = C-2eSi'zSs/^ND^1/2  ds  < 0 (2.12) 

In  practice,  a correction  factor  of  k T/q , where  k is  the  Boltzmann 
constant,  and  T is  the  absolute  temperature,  must  be  added  to  the 
numerical  value  of  0S  to  account  for  the  non-abrupt  termination  in  the 
depletion  layer  charge  distribution.  From  Gauss's  law,  the  depletion 
1 ayer  charge  i s 

% = - eSiFs  (2.13) 

Substituting  from  (2.11), 

Qd  = qVd 


(2.14) 
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Substituting  from  (2.12), 

Qd  = (-2qeSiND0s)1/2  0S  < 0 (2.15) 

From  (2.12),  the  values  of  the  depletion  layer  width  at  onset  of 
inversion  and  onset  of  strong  inversion  are  obtained  as  respectively 

xdi  = [2eSiV(qND^1/2  > 0 (2.16) 

xdmax  = [4^Si%/(qND)]1/2  (2.17) 

These  values  along  with  (2.14)  give  the  respective  charge  quantities 
Qdi  and  Qdmax-  The  depletion  width  saturates  to  xdmax  at  onset  of 
strong  inversion.  This  is  due  to  the  silicon  being  screened  by  the 
inversion  layer,  which  prevents  any  further  ionization  of  the  donor 
atoms.  Thereafter,  even  a slight  increase  in  the  electric  field 
results  in  a large  increase  in  the  inversion  charge. 

The  flatband  voltage  Vpg  is  obtained  from  (2.7)  along  with  the 
conditions  that  0S  and  Qsc  are  zero.  Then,  the  electron  and  hole 
densities  are  uniform  throughout  the  silicon. 

VFB  = " Qss/CI  “ (1-xc/TN)Qt/Cn  + dMS  (2.18) 

If  doping  is  not  uniform,  Qsc  may  not  be  zero  at  f 1 atbands.  A physical 
interpretation  of  Vpg  is  shown  in  Figure  2.1.  The  threshold  voltage, 
that  is  the  voltage  at  onset  of  inversion,  is  also  obtained  from  (2.7) 
along  with  the  condition  that  Qn  is  zero.  Then,  the  electron  and  hole 
densities  are  equal  at  every  point  in  the  silicon. 


VTH  ” (^ss+^di )/CI  " ( 1 -Xc/TN ) Qt^ CN  + ^MS  “ 


(2.19) 
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Assuming  a constant  Qss  (true  for  a given  capacitance  value),  the  only 
cause  for  a change  in  Vpg  or  Vyp,  which  gives  a translation  of  the  C-V 
curve  along  the  voltage  axis,  is  a change  in  the  stored  charge,  since 
Q d i » ^MS  an<^  are  a^  ^ constant.  The  change  in  both  Vpg  and  Vyp  is 
equal  to  the  change  in  -(l-xc/T^)Qj/C^.  Non-uniform  doping  and  donor 
type  interface  traps  contribute  negative  components  to  Vpg  and  VTH, 
while  acceptor  type  interface  traps  contribute  a positive  component. 
Sze  [9]  reports  that  the  change  in  the  threshold  voltage  increases 
linearlywith  logarithm  of  the  Write  time  for  a given  pulse  height, 
with  a tendency  to  saturate  at  large  times,  and  that  the  logarithm  of 
the  Write  time  required  to  obtain  a given  shift  in  the  threshold 
voltage  decreases  linearly  with  pulse  height. 

Solving  the  Poisson's  equation,  the  silicon  surface  electric 
field  is  obtained  as  [9] 

Fs  = ± [2qno/(£$iB)]1/^[(po/no)(e"^s+30s-1) 

+ (e6^s-B0s-l)]1/2  (2.20) 

where  nQ  and  pQ  are  respectively  the  equilibrium  majority  and  minority 
carrier  densities  in  the  silicon  bulk,  and  3 = q/kT  is  the  inverse  of 
the  thermal  voltage.  The  space  charge  Qsc  is  then  obtained  from  (2.13) 
and  (2.20).  It  has  been  shown  [8]  that  half  this  space  charge  lies 
within  /2  x Debye  length  of  the  surface  in  accumulation,  and  that  the 
entire  accumulation  layer  width  is  a few  times  the  Debye  length. 
Impurity  redistribution  at  the  silicon  surface  due  to  thermal  oxida- 
tion and  ion  implantation  results  in  non-uniform  doping  near  the 
surface.  This  may  cause  deviations  in  the  surface  potential  and  the 
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surface  electric  field.  Ancona  [10]  has  suggested  that  Qsc  may  be 
dependent  on  both  the  surface  potential  and  the  surface  electric 
field.  This  would  affect  the  dynamic  character!' sties  of  the  device. 

The  built-in  potential  across  a p+-n  junction  or  one-sided  abrupt 
junction  is  [9] 

Vbi  = (l/e)ln(NAND/n?)  (2.21) 

where  NA  is  the  acceptor  density  of  the  p+-grid,  and  ni  is  the 
intrinsic  carrier  density  of  silicon. 

The  S i / S i 0 2 interface-state  energy  versus  surface  potential  rela- 
tionship is  obtained  with  reference  to  Figure  2.5  as  follows: 

Ess  = EF  " Evs  (assuming  that  the  interface  states  are 

pinned  at  Ep) 

= Eg/2  + 0B  + 0S  0S  < 0 (2.22) 

where  it  can  easily  be  shown  that 

0B  = (1/3)1 n(ND/ni ) (2.23) 

From  the  charge  neutrality  condition  and  Kirchhoff's  voltage  law, 
the  relationship  between  the  surface  potential  and  the  gate  voltage  is 
obtained  as  [6] 

VG 

^s  = f (1_CM0/CI )dVG  (2.24) 

VFB 

where  CMQ  is  the  measured  quasi-static  capacitance.  The  use  of  VpB  to 
determine  this  relationship  results  in  a fictitious  dependence  of 
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energy  on  temperature,  interface-state  density,  doping  profile  and 
oxidation  conditions  [6],  since  the  energy  is  calculated  using  0 
This  problem  is  avoided  in  the  QSCV  technique,  where  the  above 
relationship  is  determined  empirically. 


2.3  Admittance  Parameters 
The  total  insulator  capacitance  is  given  by 

CI  = (1/C0x+1/Cn)"1  (2.25) 

where  CQx  =e0x/T0x  is  the  oxide  capacitance,  and  CN  =en/Tn  is  the 
nitride  capacitance. 

The  quasi-static  space  charge  capacitance  Cscq  is  obtained  by 
invoking  the  quasi-static  approximation: 


^scO  “ ” dQsc/d!Z*s 


(2.26) 


which  gives  [9] 


^scO  ( clesino^//^ 


(p0/n0)(l-e-^s)  + (e^s-l) 
[po/no)(e“60s+B0s-l)  + (e^s-80^1)]1/2 


(2.27) 


o 

where  pQn0  = n^,  and  nQ  = NQ.  From  a consideration  of  the  geometric 
curves,  it  can  easily  be  shown  that  the  quantity  within  the  square 
root  in  the  denominator  is  greater  than  or  equal  to  zero  for  al  1 0$. 
The  space  charge  capacitance  is  sensitive  to  band-bending  fluctuations 
in  accumulation  and  inversion  due  to  the  exponential  dependence  of  the 
carrier  densities  on  0S  in  these  regions.  The  fluctuations  themselves 
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are  greatest  in  depletion  and  decrease  towards  accumulation  and  more 
significantly  towards  inversion  [5,6]. 

The  depletion  capacitance  of  the  p+-n  junction  is  [9] 

cpn  = (qesiN06/2)1/2(eVbi+eeis-2)-1'/2  (2.28) 

The  Si / S i 0 2 interface-state  admittance  is 

Yss  = >Cp  + Gp  (2-29) 

where  Cp  and  Gp  are  the  parallel  interface-state  capacitance  and 
conductance  respectively,  and  <u  is  the  angular  frequency.  In  Lehovec's 
Model  [11],  these  are  given  as 

Cp  = qNsstan“1(o3Tn)/(aJTn)  (2.30) 

Gp  = qNssln(l+a32T2)/(2Tn)  (2.31) 

where  Nss  is  the  interface-state  density;  and  xn  is  the  majority  car- 
rier time  constant  of  a continuum  of  interface  states,  given  by  [12] 

Tn  = CvthanNDexP(  ^s^"1  (2.32) 

where  v^  is  the  thermal  velocity  of  electrons,  and  crn  is  the  majority 
carrier  capture  cross-section  of  the  interface  states.  With  u -^0,  the 
quasi-static  capacitance  and  conductance  are  obtained  from  (2.30)  and 
(2.31)  as  respectively 


Gp0  P^ss 


(2.33) 


(2.34) 


24 


In  deriving  the  Lehovec's  Model,  the  interface-state  charge  Qss  has 
been  assumed  to  be  spatially  constant.  But  due  to  charge  non- 
uniformities, this  charge  and  hence  ds  may  be  randomly  distributed. 
Expressions  for  Cp  and  Gp  for  the  case  of  statistically  varying 
have  been  derived  by  Deuling  et  al.  [12].  For  the  quasi-static  and 
high  frequency  cases,  both  models  yield  the  same  values  for  Cp  ana  Gp. 
Therefore,  the  statistical  model  is  not  of  relevance  in  the  QSCV 
technique  and  is  not  shown  here.  However,  it  is  important  for  the 
conductance  technique,  since  it  provides  an  accurate  fit  for  the 
experimental  curves,  which  are  broader  than  those  given  by  (2.31). 

2.4  Conduction  Processes 

Various  charging  and  discharging  mechanisms  for  different  elec- 
tric field  regimes  and  oxide  thicknesses  have  been  proposed  in  the 
literature  [2,13-18].  These  mechanisms  for  the  thin  oxide  MNOS  device 
are  summarized  in  Figure  2.8.  Positive  bias  charging  involves  one  or 
more  of  the  following  with  respect  to  the  oxide:  direct  band-to-band 
tunneling  (A);  modified  Fowler-Nordheim  tunneling  (B),  in  which  the 
entire  oxide  and  part  of  tne  nitride  are  penetrated;  and  direct 
tunneling  to  traps  at  the  oxide-nitride  interface  (C).  With  respect  to 
the  nitride,  it  involves  trapping  of  electrons  throughout  the  nitride 
which  are  transported  by  means  of  one  or  more  of  the  following  mecha- 
nisms: Pool  e-Frenkel  detrapping  (field-assisted  thermal  emission)  (D), 
field  or  tunnel  emission  (D)  and  ohmic  current  (E).  For  thick  (>  50  A) 
oxide  devices,  Fowler-Nordheim  tunneling,  that  is  tunneling  of  charges 
through  the  triangular  oxide  energy  band  to  the  oxide  conduction  band. 
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Fig. 2.8  Mechanisms  for  (a)  charging  and  (b)  discharging  in  the 
MNOS  device.  (See  text  for  explanations.) 
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takes  place.  Negative  bias  discharging  involves  the  same  processes  in 
the  opposite  direction  and,  additionally,  the  following  hole  conduc- 
tion processes:  modified  Fowl er-Nordheim  tunneling  (F)  and  direct 
tunneling  to  traps  at  the  oxide/nitride  interface  (G)  with  respect  to 
the  oxide  and  hole  transport,  trapping  and  recombination  with  trapped 
electrons  (H)  with  respect  to  the  nitride.  No  hole  detrapping  is 
involved  in  hole  conduction. 

Oxide/nitride  interface  traps  empty  with  a time  constant  less 
than  the  tunneling  time  constant.  Therefore,  they  are  referred  to  as 
"traps  assisting  in  charge  conduction."  Ferri s-Prabhu  [19]  reports  a 

o 

maximum  tunnel  ing-to-traps  distance  of  35  A in  the  nitride,  while 
Yamamoto  et  al.  [20]  report  this  distance  to  be  33  A,  45  A and  56  A 

o o o 

for  oxide  thicknesses  of  15  A,  20  A and  25  A respectively. 

The  mechanism  for  Pool e-Frenke 1 detrapping  under  an  applied 
electric  field  is  the  Pool  e-Frenkel  barrier  lowering  illustrated  in 
Figure  2.9,  where  Et  is  the  energy  level  of  the  trap  from  the  nitride 
conduction  band  edge;  Ec^  and  are  respectively  the  nitride  conduc- 
tion band  edge  energy  levels  before  and  after  the  application  of  the 
field;  and  Adpp  is  the  potential  barrier  lowering,  given  by  [9] 

A0pF  = SppFj/2  (2.35) 

where  3pp  is  the  Pool  e-Frenkel  constant,  given  by 

Bpf  = [q/("eN)]1/2  (2.36) 

With  respect  to  the  oxide/nitride  interface  traps.  Pool  e-Frenkel  bar- 
rier lowering  applies  only  for  positive  gate  voltage,  since  electron 
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Fig. 2. 9 Poole-Frenkel  barrier  lowering  in  the  silicon  nitride 
under  an  applied  field. 
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transport  is  into  the  oxide  for  negative  gate  voltage.  With  respect  to 
the  nitride  traps,  Pool  e-Frenkel  barrier  lowering  enhances  electron 
movement  towards  the  gate  for  positive  gate  voltage  and  away  from  it 
for  negative  gate  voltage.  The  trap  level  from  which  detrapping  takes 
place  depends  also  on  the  temperature. 

The  oxide  current  density  is 

J0x  = JA  + JB  + JC  (2.37) 

where  is  the  Fowl er-Nordheim  tunneling  current  density,  Jg  is  the 
direct  tunnel ing-to-traps  current  density,  and  Jg  is  the  direct  band- 
to-band  tunneling  current  density.  The  Fowl er-Nordheim  current  density 
is  [2,9] 

JA  “ (FOx/0Ba)exP(-Al?iBa2/FOx)  (2-38) 

where  A-j  is  a constant;  and  0ga  = 0gxg  for  electrons  during  charging, 
or  (Ziga  = 0QxN  for  electrons  during  discharging,  or  0ga  = the  Si-SiOg 
valence  band  barrier  for  holes  during  discharging.  The  Si-SiOg  conduc- 
tion band  barrier  for  electrons  is  modified  by  the  image  force  effect. 
The  reduction  in  the  barrier  height  is  given  by  [2,9] 

^Ba  = r^Ox^Ox)]172  C Z • 39 ) 

The  direct  tunnel ing-to-traps  current  density  is  [21] 

JB  oc  Ntexp(-B-,/|F0x| ) (2.40) 

where  Ng  is  the  nitride  trap  density,  and  B^  is  a constant.  The  direct 
band-to-band  tunneling  current  density  is  [22] 
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Jc  - (l/B)exp[-C1T0x  - 3(0OxS-VOx)](eB,ziOxN-l)  (2.41) 

where  is  a constant. 

The  nitride  current  density  is 

JN  = J1  + J2  + J3  - (2.42) 

where  J-|  is  the  Pool  e-Frenkel  current  density,  which  dominates  at  high 
temperatures  and  high  fields;  J 2 is  the  field  (or  tunnel)  emission 
current  density,  which  dominates  at  low  temperatures  and  high  fields 
and  is  independent  of  the  temperature;  and  J3  is  the  ohmic  current 
density  due  to  thermally  excited  electrons  hopping  from  one  isolated 
state  to  the  next,  which  contributes  to  JN  at  low  fields  and  moderate 
to  high  temperatures.  The  Pool  e-Frenkel  current  density  is  [2,9] 

Jl  * FNexp[-3(Et-A0pF)]  (2.43) 

where  E^.  is  in  eV.  The  field  emission  current  density  is  [9] 

J2  ccF2exp(-F0x/FN)  (2.44) 

The  ohmic  current  density  is  [23] 

J3  » FNexp(-6AEae)  (2.45) 

where  AEae  is  the  activation  energy  of  electrons  in  eV. 

The  dominant  oxide  current  is  direct  tunnel ing  current  in  thin 

o 

(<  50  A)  oxide  devices  and  Fowl er-Nordheim  tunneling  current  in  thick 
oxide  devices  [14,20,24].  In  thin  oxide  devices,  direct  tunneling  may 
take  place  even  during  the  application  of  low  Read  voltages  [15,16]. 
Maes  and  Van  Overstraeten  [21]  suggest  that  the  oxide  field  decreases 
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with  time  of  the  applied  pulse  due  to  the  injected  charge  opposing  the 
field,  which  results  in  a transition  from  Fowl er-Nordheim  tunneling  to 
trap  assisted  tunneling  for  thin  oxide  devices.  Trap  assisted  charge 
injection  is  significant  only  at  low  fields,  because  shallow  traps, 
which  are  instrumental  for  this  mechanism,  will  be  aligned  with  the 
silicon  conduction  (or  valence)  band  only  at  low  fields.  Chang  [22] 
suggests  that  the  switching  process  is  dominated  initially  by  direct 
band-to-band  tunneling  and  then  by  modified  Fowl er-Nordheim  tunneling. 
The  avalanche  breakdown  field  for  silicon  is  3x10^  V/cm.  Then,  from 
(2.2),  the  oxide  field  works  out  to  about  10^  V/cm.  Charge  conduction 
in  the  oxide  is  negligible  at  this  field  strength  even  at  high 
temperatures.  However,  mobile  ions  can  transport  through  the  oxide  at 
high  fields,  giving  rise  to  electrical  instability.  Also,  the  di- 
electric relaxation  time  for  a good  quality  thermal  oxide  is  about 
four  days  [6],  which  implies  that  the  silicon  dioxide  cannot  be  at 
equilibrium  with  any  applied  a.c.  field.  Therefore,  the  oxide  current 
is  essentially  a tunneling  rather  than  a conduction  current. 

Yamamoto  et  al.  [20]  report  that  the  discharge  process  is  expo- 

O 

nential  with  time  until  saturation  for  small  (<  50  A)  tunneling  dis- 
tances. For  larger  tunneling  distances,  the  discharging  is  exponential 
at  first  and  then  logarithmic  until  saturation,  the  transition  occur- 
ing  at  a sub-second  value.  The  larger  the  tunneling  distance,  the 
sooner  the  transition  takes  place. 

For  a positive  charging  pulse,  electron  injection  from  the  sili- 
con is  more  probable  than  hole  injection  from  the  gate,  considering 
the  thin  oxide  layer  and  the  barrier  potential  between  the  nitride 
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valence  band  edge  and  the  metal  Fermi  level.  Carrier  injection  from 
the  gate  is  negligible  for  aluminum  gates  but  may  not  be  for  some 
other  metallic  gates  [25].  Al-gate  MNOS  devices  with  500  A oxides  have 
shown  a very  small  amount  of  electron  injection  from  the  gate  but  no 
hole  injection,  while  n-doped  poly-silicon  gate  MNOS  devices  with 

o 

500  A oxides  have  shown  hole  injection  from  the  gate  but  no  electron 
injection  [26]. 

Holes  have  higher  mobility  in  the  nitride  than  electrons  due  to 
hole  traps  being  shallower  than  electron  traps  [25,27],  Hence,  higher 
nitride  currents  are  obtained  for  negative  bias  than  for  positive 
bias.  In  silicon  dioxide,  electron  traps  are  much  deeper  than  in  the 
nitride,  so  that  communication  with  them  is  inhibited  [27],  Also,  the 
electron  trap  density  in  silicon  dioxide  is  five  orders  of  magnitude 
lower  than  in  the  nitride  (i.e.  the  silicon  dioxide  is  more  defect 
free),  and  the  electron  effective  mass  is  very  low,  while  holes  form 
self-trapped  polarons  [28].  Hence,  electron  transport  dominates  in  the 
oxi de . 

The  greater  the  magnitude  or  width  of  the  Write  or  Erase  pulse, 
the  deeper  is  the  penetration  of  carriers  into  the  nitride  [29]. 
However,  beyond  a certain  limit,  conduction  through  the  device  begins 
to  take  place.  Also,  the  stored  charge  can  get  reduced  due  to  the 
injection  of  the  opposite  kind  of  charge  from  the  gate.  The  thinner 
the  oxide  and  the  nitride  1 ayers,  the  smal  ler  are  the  magnitude  and 
width  of  Write/Erase  pulses  required.  A thinner  oxide  layer  also 
implies  a higher  oxide  current  and  more  stored  charge.  But  if  the 
oxide  layer  is  too  thin  (say  < 15  A),  retention  is  degraded,  and  the 
Si /Si O2  interface  states  may  communicate  with  the  nitride. 


CHAPTER  III 

MNOS  ADMITTANCE  AND  MECHANICS  OF  OPERATION 


3 . 1 Derivation  of  the  Small  Signal  Equivalent  Circuit 

The  cross-section  of  the  p+-gridded  MNOS  capacitor  is  shown  in 
Figure  3.1  (a).  When  no  memory  charge  is  present,  the  charge  neutra- 
lity condition  with  respect  to  the  n-region  gives 


QM1  " " Qss  “ Qsc  ' Qpn  (3-1) 

where  Qm^  is  the  charge  in  the  metal  gate  due  to  the  n-region  charges 
Qss,  Qsc  and  Qpn  (the  p+-n  junction  charge).  The  small  signal  current 
flowing  out  of  the  gate  due  to  the  charge  in  the  n-region  is  obtained 
by  differentiating  (3.1);  thus. 


i gi  = " dQM1/dt  = dQss/dt  + dQsc/dt  + dQpn/dt 


ss 


- i 


sc 


- 1 


pn 


(3.2) 


where  t is  the  time;  and  iss,  isc  and  ipn  are  the  small  signal 
currents  flowing  into  the  silicon  due  to  the  corresponding  charges.  We 
can  write  (3.2)  as 


hi  = “ Yss*s  - j“csc*s  ' j“cpn^s  <3-3) 

where  Csc  is  the  space  charge  capacitance,  and  dj  is  the  a.c.  compo- 
nent of  the  surface  potential. 
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Fig. 3.1  The  p+-gridded  MNOS  capacitor:  (a)  the  cross-section 
and  (b)  the  small  signal  equivalent  circuit. 
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We  can  write  the  total  surface  potential  , the  total  gate 
voltage  Vq  and  the  total  voltage  across  the  series  resistance  Gs>  VGs> 
as  summations  of  their  respective  d.c.  and  a.c.  components;  thus, 


0S  = + *' 


(3.4) 


VG  + VG 


VGs  " VGs  + VGs 


(3.5) 

(3.6) 


where  dj  = ^ = VGmejut  and  V^s  = VGsme>t  are  the  a.c. 

components;  and  sm,  VGm  and  VGsm  are  their  respective  amplitudes. 
From  Kirchhoff's  voltage  law. 


VG  ~ QM1/CI n + ^MS  + 0s  + VGs 


(3.7) 


where  Cjn  is  the  insulator  capacitance  between  the  n-region  and  the 
gate.  Differentiating  (3.7)  with  respect  to  time  and  substituting  from 
the  time  differentials  of  (3.4)  - (3.6),  we  obtain 

jwVG  = - i q ^ / C j n + + jwVqs  (3.8) 
Substituting  from  (3.3),  we  obtain 

Vq  = - (l/jwCjn  + 1 /Y i ) i qi  - 1q/Gs  (3.9) 

where  = Yss  + jwCsc  + ja)Cpn  (i.e.  the  parallel  combination),  and 
i'g  = - Vqs Gs  is  the  total  small  signal  current  flowing  out  of  the 
gate.  Hence,  writing  Y as  the  admittance  of  Y^  and  Cjn  in  series,  we 
obtain 


VG  " ‘ 1G1/y  “ iG/Gs 


(3.10) 
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Since  the  total  charge  on  the  gate  is  the  algebraic  sum  of  QM1 
and  the  charge  on  the  gate  due  to  the  insulator  capacitance  Cjp 
between  the  p+-grid  and  the  gate,  we  can  consider  Cjp  to  be  providing 
a current  path  to  the  substrate  parallel  to  that  provided  by  Y.  Hence, 
equating  potenti al s, 

1 G 1 / Y = iG/(Y+JwCIp)  (3-11) 

Substituting  in  (3.10),  we  obtain 

Vg  = - [l/(Y+j«oCip)  + l/Gs]iG  (3.12) 

Therefore,  the  equivalent  circuit  comprises  of  G$  in  series  with  the 
parallel  combination  of  CIp  and  Y and  is  shown  in  Figure  3.1  (b). 

3.2  Equivalent  Circuit  with  Reference  to  the  Energy  Band  Diagram 

The  equivalent  circuit  with  reference  to  the  energy  band  diagram 
is  shown  in  Figure  3.2,  where  Cq,  Cj^y,  Ggrs,  Ggf  and  Gd  are  respec- 
tively the  depletion  and  inversion  capacitances,  the  conductances 
associated  with  the  depicted  generation-recombination  (G-R)  processes 
at  the  S i / S i 0 2 interface  states  and  the  silicon  bulk  traps  and  the 
minority  carrier  diffusion  and  drift  conductance,  which  is  negligible 
at  room  temperature;  Ey  is  the  silicon  bulk  trap  energy  level;  and 
and  are  respectively  the  interface-state  capacitance  and  conduc- 
tance for  minority  carrier  capture  and  emission,  which  are  usual  ly 
negligible  compared  to  C j^  y . During  inversion,  the  silicon  surface 
becomes  continuous  with  the  p+-grid,  which  is  connected  to  the  n- 
substrate,  effectively  shorting  the  p+-n  junction  capacitance. 


36 


Fig. 3. 2 Equivalent  circuit  of  the  p+-gridded  MNOS  capacitor 
with  reference  to  the  energy  band  diagram. 
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The  series  resistance  is  due  to  the  gate  and  substrate  contacts, 
the  n-silicon  bulk  and  built-in  potentials  resulting  from  non-uniform 
doping.  The  higher  the  donor  density,  the  lower  is  the  series  resis- 
tance. A 250  Ohm  series  resistance  is  considered  normal  [30].  The 
series  resistance  is  negligible  at  low  frequencies,  and  its  effect  at 
high  frequencies  can  be  reduced  by  careful  fabrication  and  making 
corrections  to  measurements.  On  the  other  hand,  some  series  resistance 
is  desirable,  as  it  would  reduce  the  voltage  across  the  oxide,  thus 
improving  the  endurance  of  the  device. 

At  a given  gate  voltage  or  surface  potential  value,  the  inter- 
face-state  capacitance  arises  from  the  capture  and  emission  of  car- 
riers from  that  interface  trap  level  which  is  intersected  by  the  Fermi 
level.  The  space  charge  capacitance,  which  is  equal  to  Cq  in  depletion 
and  Cp+Cj^y  in  inversion,  arises  from  the  charge  flow  (in  and  out  of 
the  space  charge  layer)  needed  to  maintain  thermal  equilibrium  at 
every  point  in  the  semiconductor  during  an  applied  a.c.  signal.  The 
interface-state  conductance  arises  from  the  phase  lag  between  the 
interface-state  response  and  the  applied  a.c.  signal.  In  one  half  of 
the  a.c.  cycle,  the  traps  are  too  slow  to  be  filled,  so  that  some 
traps  below  Ep  are  empty,  and  in  the  other,  some  traps  above  Ep  are 
too  slow  to  empty.  Both  processes  result  in  a loss  of  energy.  This 
energy  is  supplied  by  the  a.c.  source,  which  as  phonons  heats  up  the 
silicon  lattice.  The  loss  is  represented  by  the  interface-state 
conductance  Gp.  The  conductances  G^,  Ggf  and  Ggr$  also  arise  from  the 
phase  lag  between  the  respective  processes  and  the  a.c.  signal. 
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3 . 3 Carrier  Response 

Carrier  response  time  is  the  time  required  for  carriers  to  be 
supplied  to  or  removed  from  the  silicon  space  charge  1 ayer  in  response 
to  an  applied  disturbance.  Carriers  will  respond  to  an  a.c.  signal  if 
the  angular  frequency  is  very  much  less  than  the  inverse  of  the 
response  time.  Carrier  lifetime  is  the  time  required  for  the  carriers 
to  return  to  thermal  equilibrium  after  a disturbance  by  changing  their 
concentrations  through  G-R.  For  minority  carriers,  response  time  de- 
pends on  lifetime.  Traps  alternately  emit  holes  and  electrons.  There- 
fore, free  carrier  lifetime  tq  depends  on  both  majority  and  minority 
carrier  processes.  If  majority  carrier  processes  take  longer  than 
minority  carrier  processes,  then  tq  will  be  determinied  by  the  former, 
and  vice-versa.  Free  carrier  lifetimes  of  4 - 5 us  in  the  bulk  [31,32] 
ana  1 ys  at  the  surface  [6,8]  and  a minority  carrier  response  time 
between  .01  and  1 sec  at  room  temperature  [6]  have  been  reported. 

There  are  four  mechanisms  for  minority  carrier  transitions  to  and 
from  the  inversion  1 ayer  for  the  p+-gridded  device.  They  are 

(i)  Bulk  trap  G-R  near  the  midgap  in  the  silicon  quasi -neutral 
region  close  to  the  back  contact,  diffusion  through  this  region 
and  drift  through  the  depletion  layer.  This  is  significant  only 
at  high  temperatures. 

(ii)  Bulk  trap  G-R  in  the  depletion  layer  near  the  midgap  when  Ep 
intersects  Ey.  The  centers  are  efficient  if  Ey  - E^.  Then,  the 
minority  carrier  lifetime  - the  majority  carrier  lifetime. 
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(iii)  Surface  G-R  in  the  interface  traps.  This  is  significant  only  in 
the  midgap  to  weak  inversion  bias  range  when  the  interface-state 
density  is  greater  than  10^  eV^cm'^  [6], 

(iv)  From  the  p+-grid  across  the  p+-n  junction.  This  is  the  dominant 
source . 

It  should  be  noted  that  the  silicon  back  contact,  though  ohmic  for 
majority  carriers  (i.e.  connected  to  the  silicon  conduction  band),  is 
blocking  forminority  carriers.  Therefore,  no  minority  carriers  are 
injected  from  the  external  circuit. 

3.4  C-V  and  G-V  Characteristics 

The  quasi-static  C-V  curves  reported  in  the  literature  for  both 
MOS  and  MNOS  manifest  a val  ley  in  the  depletion  to  weak  inversion 
region  and  saturate  to  the  insulator  capacitance  value  towards  strong 
accumulation  and  strong  inversion.  The  high  frequency  C-V  curves 
saturate  to  the  insulator  capacitance  value  in  strong  accumulation  and 
to  a minimum  value  in  strong  inversion.  This  high  frequency  behavior 
is  due  to  the  majority  carriers  being  able  to  respond  to  the  high 
frequency  (about  1 MHz)  signal  and  the  d.c.  bias  signal  and  the  mino- 
rity carriers  being  able  to  respond  only  to  the  latter.  Hence,  in 
inversion,  the  capacitance  remains  at  its  minimum  depleted  value.  The 
C-V  curve  decreases  with  frequency  significantly  in  inversion  and 
barely  in  accumulation,  although  in  some  reported  results,  a discern- 
ible decrease  in  accumulation  also  can  be  seen  [5,33].  The  inversion 
side  behavior  has  been  attributed  to  G-R  loss  [6]  and  frequency 
dependence  of  the  minority  carrier  concentration  [34],  while  the 
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slight  decrease  in  the  accumulation  side  has  been  attributed  to  the 
series  resistance  [6]. 

The  metal -semiconductor  work  function  difference  0^,  the  fixed 
oxide  charge  and  the  stored  nitride  charge  cause  a C-V  shift  without 
distortion  from  the  ideal  along  the  voltage  axis.  For  0^,  the  shift 
direction  has  the  same  sign  as  0^.  For  each  of  the  charges,  the  shift 
direction  is  opposite  in  sign  to  the  charge.  Slow  interface  states  and 
any  mo  bile  oxide  charge  will  follow  the  d.c.  bias  but  not  the  a.c. 
signal.  The  mobile  charge  gives  rise  to  hysterisis  of  the  C-V  curves, 
while  the  slow  states  cause  stretch-out  (distortion)  of  the  high 
frequency  C-V  curve  compared  to  the  quasi-static  C-V  curve.  In  both 
cases,  the  minimum  measured  capacitance  Cmi-n  is  unaffected.  Fast 
interface  states  can  follow  both  the  d.c.  bias  and  the  a.c.  signal 
(up  to  a certain  frequency).  These  cause  a C-V  shift,  a high  frequency 
C-V  stretch-out  and  a change  in  the  Cmi-n  value.  The  C-V  shift  due  to 
charges  was  dealt  with  in  Chapter  II  with  respect  to  f 1 atband  and 
threshold  voltages.  The  C-V  stretch-out  and  the  change  in  Cmi-n  value 
can  be  explained  as  follows:  At  a given  bias,  fewer  interface  states 
respond  to  the  high  frequency  signal  than  to  the  low  frequency  signal. 
This  effect  is  more  significant  in  accumulation  and  inversion  than  in 
depletion.  Hence,  a broader  and  lower  C-V  curve  is  obtained. 

Impurity  redistribution  also  affects  C-V  curves  [6,35].  For 
example,  oxidation  results  in  the  boron  (acceptor)  density  being 
reduced  near  the  surface.  This  causes  the  depletion  width  to  be  1 arger 
and  hence  the  capacitance  to  be  smaller  for  a given  bias.  Therefore, 
both  the  C-V  curve  in  depletion  and  Cmi- n will  be  lower.  Also, 
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inversion  occurs  sooner,  with  the  result  that  the  C-V  curve  in 
inversion  will  be  higher.  The  net  effect  is  a lower  C-V  curve,  shifted 
in  the  negative  voltage  direction.  On  the  other  hand,  oxidation 
results  in  the  phosphorous  (donor)  density  being  increased  near  the 
surface.  This  gives  a higher  C-V  curve  (smaller  depletion  width), 
shifted  in  the  negative  voltage  direction  (delayed  inversion). 

The  G-V  curves  reported  in  the  literature  increase  with  frequency 
from  a negligible  quasi-static  conductance  value  [5,30,32,33].  It  is 
constant  in  strong  accumulation  and  strong  inversion  and  is  peaked  in 
the  depletion  to  weak  inversion  region.  Singh  and  Srivastava  [33] 
report  a dented  conductance  peak  for  MOS  devices.  The  G-V  curve  at  a 
given  bias  range  is  characteri zed  by  the  dominant  loss  in  that  range. 
Any  significant  capacitance  variations  may  also  be  reflected  in  this 
curve . 

In  strong  accumulation  and  strong  inversion,  the  space  charge  is 
very  close  to  the  silicon  surface.  That  is,  its  width  is  small. 
Therefore,  the  space  charge  capacitance  Csc  is  high.  The  interface 
states  are  completely  filled  or  completely  empty,  and  no  communication 
with  them  takes  place.  Therfore,  they  experience  no  loss  and  contri- 
bute no  capacitive  value.  Hence,  Csc  dominates  in  these  regions.  At 
low  frequencies,  the  effect  of  the  series  resistance  is  negligible. 
Therefore,  the  device  capacitance  approaches  the  insulator  capacitance 
in  value.  In  depletion,  the  space  charge  capacitance  decreases  as 
depletion  width  increases,  and  in  inversion,  it  increases  again  due  to 
the  increase  of  the  inversion  charge.  The  interface-state  capacitance 
makes  a significant  contribution  to  the  device  admittance  in  depletion 
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and  weak  inversion.  This  contribution  decreases  with  frequency  and 
becomes  negligible  at  high  frequencies. 

At  intermediate  frequencies,  several  losses  come  into  play.  The 
interface-state, conductance  Gp  versus  the  gate  voltage  is  sharply 
peaked,  trailing  off  to  zero  on  either  side  [6].  In  accumulation, 
there  is  an  ample  supply  of  majority  carriers,  so  that  no  loss  is 
experienced.  In  depletion,  the  majority  carrier  density  is  low,  resul- 
ting in  an  energy  loss.  In  inversion,  the  majority  carrier  density  is 
so  low,  that  no  capture  or  emission  takes  place,  and  again  the  loss  is 
zero.  In  the  weak  inversion  region,  within  about  3 k T/q  of  E^,  G-R 
through  bulk  traps  as  Ep  intersects  Ey  and  through  interface  traps  as 
Ep  intersects  the  interface  states  near  the  midgap  takes  place.  This 
region  of  bias  is  therefore  too  complex  for  analysis  and  must  be 
avoided.  In  strong  inversion,  G-R  through  bulk  traps  dominates.  The 
surface  G-R  conductance  Ggrs  versus  the  gate  voltage  is  peaked,  but 
the  bulk  G-R  conductance  Ggr  is  not,  since  it  is  independent  of  the 
gate  vol tage  [6], 

It  is  worthwhile  mentioning  the  insulator  polarization  effect  on 
C-V  curves  reported  by  Tutto  and  Balazs  [36].  The  Si-H  and  N-H  bonds 
in  silicon  nitride  are  in  homogeneous  1 y distributed,  which  gives  an 
inhomogeneous  built-in  field.  This  field  provides  macroscopic  poten- 
tial valleys  as  preferred  places  for  quasi-free  charge  carriers  (of 
the  order  of  10^  cm-^)  in  the  nitride,  giving  rise  to  charge  motion 
along  most  of  the  length  of  the  silicon  nitride.  This  effect,  which  is 
referred  to  as  "Insulator  Polarization,"  gives  higher  C^q  values,  a 
greater  slope  to  the  high  frequency  C-V  curve  in  depletion  and  an 
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order  of  magnitude  higher  interface-state  density  values,  especially 
towards  accumulation. 


3.5  G-oi  Character!' sties 

For  a given  surface  potential  value,  Gp/u>  versus  log  w peaks  at  a 
frequency  given  by  [6] 

“m  " 1-98/t„  (3.13) 

Considering  band-bending  fluctuations,  this  frequency  is  [5,6] 

“m  = 2-5/xn  (3.14) 

for  a)  <<  oim,  the  interface  states  respond  to  the  a.c.  signal  immedi- 
ately, and  therefore  the  loss  is  zero.  For  cj  >>  <d  the  interface 
states  do  not  respond  to  the  a.c.  signal  at  al  1.  Again,  the  loss  is 
zero.  When  the  frequency  approaches  w the  loss  increases  due  to  the 
increase  in  the  phase  lag  between  the  applied  a.c.  signal  and  the 
interface-state  response.  The  experimental  Gp/w  versus  logw  curves 
are  broader  than  those  predicted  by  (2.31).  The  reasons  for  this  are 

(i)  Statistical  fluctuation  in  the  surface  potential. 

(ii)  Fluctuations  in  the  majority  carrier  capture  cross-section. 

(iii)  The  spatial  isolation  of  interface  traps,  even  though  they  are 
in  an  energy  continuum.  For  a trap  density  of  10^  to  10^2  per 

O O O 

sq.cm.,  the  seperation  of  adjacent  traps  is  10  to  10  A [6]. 
This  results  in  each  interface  trap  energy  level  having  an 
individual  peaked  conductance-frequency  response,  as  opposed  to 
a composite  frequency  response  when  the  traps  at  a given  level 
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are  able  to  communicate  with  one  another.  The  cumulative  effect 
is  a broadening  of  the  conductance  peak. 

The  Gp/w  versus  log  to  curve  at  a given  surface  potential  value  is 
asymmetrical  about  the  frequency  <om,  the  curve  being  higher  on  the 
high  frequency  side  [6].  This  is  attributable  to  the  spatial  isolation 
of  traps,  with  those  at  higher  energy  levels  undergoing  greater  loss 
and  having  higher  peak  frequencies  than  those  at  lower  energy  levels. 

A loss  called  the  capture  and  emission  loss  of  bulk  traps, 
similar  to  Gp  for  interface  traps,  becomes  more  significant  than  Ggr 
at  a very  high  frequency  [6].  But,  for  low  bulk  trap  densities,  this 
frequency  is  beyond  the  frequency  range  of  practical  interest.  Chan  et 
al.  [32]  have  reported  that  Ggr  versus  1/co  increases  linearly  and 
saturates  at  high  1/co  values. 

3.6  Energy  Level  Behavior 

As  the  bias  voltage  Vq  is  changed,  Ecs,  Eys  and  Ess  change  with 
respect  to  Ep.  At  each  Vq  (or  ds)  value,  the  measured  values  of  the 
device  capacitance  and  conductance  reflect  those  correspondi ng  to  the 
trap  level  intersected  by  Ep.  Interface  states  above  Ep  will  be  empty, 
and  those  below  Ep  will  be  filled.  Interface  traps  empty  by  emitting 
majority  carriers  (for  n-type),  and  vice-versa.  In  inversion,  both 
majority  carrier  emission  and  minority  carrier  capture  (i.e.  G-R)  may 
be  involved  in  emptying  of  traps. 


CHAPTER  IV 

DEVICE  FABRICATION,  EXPERIMENTS  AND  ANALYSIS 

4.1  Device  Fabrication  and  Features  [37] 

The  p -gridded  MNOS  devices  used  in  this  research  were  fabricated 
at  the  Harris  Semiconductor  Division  and  had  a 3-5  Ohm-cm  <100>  orien- 
tation n-silicon  material  with  a donor  density  of  2xl015  cm"3  for  the 
substrate.  An  oxide  was  grown  on  this  substrate  in  steam  at  1100°C  to 
a thickness  of  5000  A.  The  oxide  was  etched,  and  an  n+  diffusion  was 
carried  out  to  provide  a contact  to  the  substrate.  A grid  pattern  was 
al  so  etched  into  the  oxide,  and  a boron  diffusion  was  carried  out  by 
the  standard  thermal  diffusion  procedure  to  obtain  a 1.2xl0"3  ohm-cm 
p+-gr i d with  an  acceptor  density  of  lxlO20  cm'3.  The  oxide  was  then 
regrown  using  a 900°C  90  minute  steam  process.  The  grid  may  also  be 
produced  by  post  deposition  ion  implantation  [4],  A mask  was  used  to 
pattern  and  etch  the  oxide  to  the  required  thickness.  The  nitride  was 
then  deposited  using  the  AMT  MODEL  5100  Low  Pressure  Chemical  Vapor 
Deposition  (LPCVD)  system.  The  deposition  parameters  used  were  a 
temperature  of  756°C,  a pressure  of  .438  torr  and  a deposition  rate  of 

o 

25.9  A/min.  After  making  contact  cuts  to  the  n+-  and  p+-regions,  the 
entire  wafer  was  metal lized  by  a standard  aluminum  deposition.  The 
aluminum  was  then  patterned  and  etched  by  a mask  which  defined  the 
MNOS  capacitor,  the  probe  pads  and  the  connections.  The  processing 
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variations  used  were  two  pre-nitride  NH^OH  dips,  two  different  ammo- 
nia/di ch  1 oros  i 1 ane  (DCS)  ratios  and  a pos t-n i tr i da ti on  anneal. 
These  are  summarized  in  Table  4.1. 

A nitride  thickness  uniformity  of  better  than  1.0  l for  a wafer 
and  2.8  % overal  1 was  achieved.  The  oxide  and  nitride  thicknesses  were 

o o 

20  A and  465  A respectively.  The  n-silicon  and  the  p+-grid  had  areas 
of  5.450x10”^  and  2.078x10"^  cm^  respectively.  The  p+-grid  was  1 ym 
deep  and  electrically  shorted  to  the  substrate. 

4 . 2 Measurements 

The  C-V  measurements  were  carried  out  using  an  HP  4140B  pico- 
Ammeter,  an  HP  4274A  LCR  meter,  an  HP  4275A  LCR  meter  and  an  HP  4191A 
impedance  analyzer.  Write/Erase  cycling  was  done  on  the  Harris  MN0S 
capacitor  exercisor.  Heating  for  temperature  measurements  was  done  in 
a Stathem  oven.  Bias  stress  was  provided  from  an  HP  6 1 1 2 A d.c.  power 
supply. 

For  Write/Erase  cycling,  t26  V 10  ys  pulses  were  used  with  a 1 us 
pause  between  pulses.  Programming  was  done  using  t20  V 10  s saturating 
pulses.  Several  bipolar  preconditioning  pulses  were  applied  before 
each  retention  measurement  to  ensure  that  the  programming  time  was  the 
same  for  all  measurements.  In  the  retention  measurements,  the  gate 
voltage  VjH  corresponding  to  a fixed  capacitance  value  was  taken  as  a 
measure  of  the  threshold  vol tage.  The  Read  disturb  effect  was  mini- 
mized by  keeping  the  voltage  sweep  time  to  a minimum. 
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Table  4.1  Processing  Variations  Used  in  the  Fabrication 

of  the  MNOS  Devices 


Process  Step 

Device  # 

3 

4 

7 

15 

Two  10  sec  pre-nitride 
NH^OH  dips 

X 

X 

X 

- 

9:1  ammonia: DCS  ratio 

X 

- 

X 

X 

100:1  ammonia: DCS  ratio 

- 

X 

- 

- 

900°C  30  min  H2  anneal 

- 

- 

X 

- 
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4.3  QSC V Analysis  and  Results 

Figure  4.1  shows  the  C-V  curves  for  device  #3,  where  pre-nitride 
NH40H  dips  and  a low  ammonia/DCS  ratio  have  been  employed.  The  C-V 
curves  for  the  other  devices  are  similar.  The  coincidence  of  the  200 
kHz  and  400  kHz  curves  in  the  depletion  region  and  of  the  400  kHz  and 
1 MHz  curves  in  the  weak  inversion  region  suggests  that,  at  400  kHz, 
the  parameters  which  contribute  frequency  dependent  components  to  the 
measured  capacitance  have  a negligible  effect  on  it  in  these  bias 
regions.  Thus,  the  400  kHz  curve,  whose  only  significant  components  in 
the  depletion  to  early  weak  inversion  bias  range  are  Csc,  Cpn,  Cjn  and 
CIp,  can  be  used  as  the  high  frequency  curve  for  the  QSCV  analysis. 

From  the  foregoing  and  Figure  3.1  (b),  we  can  write 

CM  " 1 1 /C 1 n + l/(Csc+Cpn)  ] ^ + CIp  (4.1) 

The  Cjn  and  Cjp  values  are  obtained  from  the  measured  insulator 
capacitance  value  based  on  their  aerial  ratios.  A FORTRAN  program  (see 
Appendix  B)  was  written  to  compute  the  minimum  experimental  value  of 
Csc+Cpn  from  (4-1)  and  the  minimum  value  of  CM  and  to  obtain  the  donor 
density  and  built-in  potential  values  by  matching  this  minimum  value 
with  the  theoretical  minimum  value  given  by  (2.27)  and  (2.28)  using  a 
recursive  technique.  The  experimental  Csc+Cpn  values  at  different  gate 
voltage  values,  which  are  obtained  by  substituting  the  values  in 
(4.1),  are  compared  with  the  corresponding  theoretical  values  to 
determine  the  surface  potential  versus  gate  voltage  relationship.  For 
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VG  (V) 


Fig. 4.1  C-V  curves  for  the  p+-gridded  n-silicon  MNOS  capacitor  with 
frequency  as  parameter. 


50 


the  quasi -static  case,  all  losses  are  zero,  and  the  effect  of  G$  is 
negligible.  Therefore,  from  Figure  3.1  (b),  we  can  write 

CM0  = C^In  + 1/(Csc+Cpn+CpO)r1  + CIp  (4.2) 

Hence,  CpQ  can  be  obtained.  Then,  substituting  the  value  of  Cp0  in 
(2.33),  the  value  of  N$s  is  obtained  for  each  surface  potential  value. 
The  energy  versus  surface  potential  relationship  is  obtained  from 
(2.22).  Hence,  the  interface-state  density  versus  energy  relationship 
can  be  found.  Computed  parameters  for  device  #3  are  shown  in  Figures 
4.2  - 4.5  and  below.  Similar  results  were  obtained  for  the  other 
devices. 

Donor  density  = 2.023xl015  cm"^ 

Built-in  potential  = .891  V 

Bulk  potential  = .306  V 

The  hump  observed  in  the  interface-state  density  curves  is  also 
manifest  in  the  quasi-static  C-V  curves.  Quasi-static  C-V  curves  for 
MNOS  and  MOS  capacitors  fabricated  on  the  same  wafer  are  shown  in 
Figure  4.6.  The  absence  of  the  hump  in  the  MOS  C-V  curve  suggests  that 
it  is  associated  with  the  nitride  deposition  process.  The  hump  can  be 
attributed  to  the  penetration  of  the  thin  oxide  layer  by  nitrogen  and 
other  impurity  atoms,  causing  changes  in  the  chemical  composition  at 
the  S i / S i 0 2 interface,  and/or  to  structural  changes  such  as  bond  angle 
distortions  at  the  Si / S i 0 2 interface  caused  by  the  nitride  deposition 


conditions. 


Capacitance  (pF) 
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Fig. 4. 3 Variation  of  surface  potential  with  gate  voltage  for  the 
p+-gridded  n-silicon  MNOS  capacitor  (device  #3). 
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VG  <V> 

Fig. 4. 4 Variation  of  quasi-static  interface-state  capacitance 
with  gate  voltage  for  the  p+-gridded  n-silicon  MNOS 
capacitor  (device  #3). 
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Fig. 4. 5 The  Si /Si O2  interface-state  density  versus  energy  curve 
for  the  p+-gridded  n-silicon  MNOS  capacitor  (device  #3). 
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Fig. 4. 6 Measured  C-V  curves  of  MNOS  and  MOS  capacitors  fabricated 
on  the  same  wafer. 
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4 . 4 Model  Verification 

The  basic  model  for  the  p+-gridded  MNOS  capacitor  is  adequate  to 
accurately  simulate  the  experimental  C-V  curves  up  to  about  400  kHz. 
However,  it  leads  to  deviations  in  the  high  frequency  C-V  curves  in 
the  strong  accumulation  and  strong  inversion  regions.  As  quantitative 
descriptions  for  G-R  conductances  do  not  exist,  simulation  of  the  high 
frequency  C-V  curves  in  the  inversion  region  is  not  possible  and  is 
therefore  avoided.  The  deviation  in  the  high  frequency  C-V  curves  in 
the  accumulation  region  is  clearly  due  to  an  energy  loss,  which  can  be 
represented  by  a conductance.  The  C-V  curves  for  several  different 
models  were  calculated  using  a FORTRAN  program  with  the  appropriate 
admittance  equations  for  each  model.  The  model  whose  C-V  curves  fit 
the  experimental  curves  best  is  shown  in  Figure  4.7,  where  the  conduc- 
tance G represents  the  space  charge  energy  loss  that  causes  the 
dev  i at  ion  in  the  C-V  curves.  The  other  models  used  involved  simple 
translations  of  G to  other  locations  in  the  basic  model.  These 
1 ocations  were 

(i)  Between  A and  B,  representing  a leakage  across  the  insulator. 

(ii)  Between  B and  D,  representing  a loss  parallel  to  the  n-silison 
and  p+-n  junction  capacitances. 

(iii)  Between  D and  E,  representing  a loss  in  the  n-silicon  substrate. 

In  Figure  4.7,  the  admittance  between  A and  E,  excluding  CIp,  is 
1_ 

l/fl/U/G  + l/j»Csc)  + Gp  + juj(Cp+Cpn)  ] + l/>CIn 


Y 


(4.3) 
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Fig. 4. 7 Complete  equivalent  circuit  for  the  simulation  of  the 
experimental  C-V  curves  of  the  p+-gridded  n-silicon 
MNOS  capacitor. 
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i he  total  device  admittance  is 

yT  = I (4.4) 

1/GS  + 1/ ( Y+jwCIp ) 

A FORTRAN  program  (see  Appendix  C)  was  written  to  calculate  the 
admittance  and  physical  parameters  using  (2.21),  (2.22),  (2.23), 
(2.27),  (2.28),  (2.30),  (2.31)  and  (2.32)  and  the  device  admittance 
using  (4.3)  and  (4.4).  G was  found  from  curve  fitting  to  be  frequency 
dependent.  The  variation  of  G with  frequency  is  shown  in  Figure  4.8. 
This  conductance  may  be  due  to  a combination  of  losses,  including  a 
loss  due  to  the  presence  of  the  p+-grid.  Other  data  used  in  the  model 
simulation  were  the  surface  potential  versus  gate  voltage  curve  of 
Figure  4.3,  the  interface-state  density  versus  energy  curve  of  Figure 
4.5  and  the  majority  carrier  capture  cross-section  versus  energy  data 
from  [5],  The  C-V  curves  in  the  depletion  to  inversion  transition 
region  were  found  to  be  determined  by  the  value  of  the  series 
resistance  and  to  be  independent  of  G.  Hence,  the  series  resistance 
could  be  obtained  by  curve  fitting  and  was  found  to  be  250  Ohms.  The 
simulated  C-V  curves  are  shown  in  Figure  4.9.  It  can  be  seen  that 
these  curves  compare  well  with  the  experimental  curves  of  Figure  4.1. 
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Frequency  (MHz) 

Fig. 4. 8 Variation  of  space  charge  loss  conductance  with  frequency  for  the  p+-gridded 
n-silicon  MNOS  capacitor. 
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Fig. 4. 9 Simulated  C-V  curves  of  the  p+-gridded  n-silicon  MNOS 
capacitor. 


CHAPTER  V 

TRAPS,  CHARGES  AND  THEIR  ORIGINS 

5 . 1 Chemical  Composition  and  Structure 
5.1.1  Measuring  Techniques 

The  measuring  techniques  that  are  being  used  to  study  the 
chemical  composition  and  structure  of  various  regions  of  the  MNOS 
device  are  listed  below.  X-ray  Photoelectron  Spectroscopy  (XPS)  [38] 
and  Silicon  2p  Photoelectron  Spectroscopy  (Si  2p  PS)  [39]  are  used  to 
analyze  the  oxide.  The  Si  2p  PS  gives  better  resolution  than  the  XPS. 
Ellipsometry  [40]  yields  the  thicknesses  and  the  refractive  indeces  of 
the  insulator  layers.  High  Resolution  Electron  Microscopy  (HREM)  [41] 
and  Reflection  High-Energy  Electron  Diffraction  (RHEED)  [42]  are  used 
for  structural  measurements  of  the  oxide.  Electron  Spin  Resonance 
(ESR)  [40]  measures  paramagnetic  defects  and  impurities  in  solids. 
Dangling  bonds  are  paramagnetic  due  to  the  single  lone-pair  electron. 
Rutherford  Backscatter i ng  Spectrometry  (RBS)  [40,43,44]  gives  the 
absolute  atomic  composition  versus  depth.  Therefore,  it  is  used  to 
obtain  the  Si /N  ratio.  Nuclear  Reaction  Analysis  (NRA)  [43,44]  gives 
the  absolute  concentration  of  H and  0 versus  depth.  Sputter  Auger 
Electron  Spectroscopy  (SAES)  [43-45]  gives  better  depth  resolution 
than  NRA  or  RBS,  but  the  atomic  composition  is  not  absolute.  Also, 
sputtering  causes  surface  roughness,  giving  a broadening  effect  to 
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measured  interfaces.  Infra-Red  Absorption  (IRA)  measurements  [43,44] 
yield  light  element  (e.g.  H)  bonding  configurations  in  transparent 
solids  (e.g.  Si-H  and  N-H  in  silicon  nitride).  Multiple  Internal 
Reflection  (MIR)  [44]  yeilds  a more  sensitive  measurement  of  Si-H  and 
N-H  than  IRA. 

5.1.2  Silicon  Nitride 

The  structure  of  amorphous  silicon  nitride  is  described  [44,46] 
as  being  similar  to  crystalline  Si 3N4  in  that  the  Si  atom  is  coordi- 
nated by  four  N atoms  in  a distorted  tetrahedral  arrangement,  and  the 
N atom  is  coordinated  by  three  Si  atoms  in  a nearly  planar  trigonal 
arrangement.  They  differ  in  that  the  nearest  neighbor  distances  in  the 
former  have  a random  distribution  (i.e.  a random  distribution  of  bond 
angles)  about  their  crystalline  counterparts.  However,  the  stoichiome- 
try varies  widely  from  device  to  device,  depending  on  the  deposition 
conditions,  especially  the  ammonia/DCS  ratio. 

The  composi tion  and  structure  of  the  silicon  nitride  have  been 
studied  using  the  ESR,  MIR,  NRA,  RBS  and  SAES  techniques  and  energy 
level  calculations  [28],  Up  to  a few  atomic  percentage  (at.%)  of  0 
(from  contamination  of  ammonia  and  DCS  gases,  from  smal  1 leaks  and 
from  occluded  0 in  the  deposition  system),  up  to  10  at.%  of  H bonded 
to  Si  or  N (from  dissociation  of  ammonia  and  DCS  gases)  and  up  to  20% 
excess  Si  have  been  reported  [28,43,44,47-50],  LPCVD  produces  near 
stoichiometric  silicon  nitride  in  the  bulk.  However,  the  top  surface 
contains  some  0,  giving  rise  to  an  oxynitride  layer,  which  extends  in 
a 1 ow  concentration  tail  to  about  60  A in  the  nitride  [43,44,49-51], 
For  silicon  nitride  deposited  at  750-900°C,  a 5-30  at.%  of  N and  a 
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0.5-5  at.%  of  Si  bonded  to  H atoms,  which  give  rise  to  an  SiNxHy 
composition,  have  been  reported  [52].  The  subscripts  x and  y depend  on 
the  processing  conditions  and  can  be  altered  by  post  deposition 
treatments.  The  N/Si  ratio  decreases  with  depth  from  the  nitride 
surface,  causing  the  nitride  to  become  silicon  rich  towards  the 
oxide/nitride  interface  [53].  The  0 concentration  is  uniform  in  the 
mid-nitride  region  and  increases  towards  both  ends,  while  the  Si 
concentration  is  uniform  almost  throughout  the  nitride  [54],  The  total 
-Si  center  density  in  the  nitride  is  1019  cm-3  [28]. 

5-1-3  Silicon  Dioxide  and  Si/SiOg  and  Oxide/Nitride  Interfaces 

The  chemical  composition  and  structure  of  the  oxide  and  the 
adjacent  interfacial  regions  have  been  studied  using  the  el  1 ipsometry, 
ESR,  HREM,  IRA,  RBS,  RHEED,  SAES,  Si  2p  PS  and  XPS  techniques  and  by 
comparing  electrical  measurement  data  with  theoretical  models  [30,55], 
Several  different  chemical  models  for  these  regions  have  been  proposed 
in  the  literature. 

The  oxide/nitride  interface  and  part  of  the  oxide  close  to  this 
interface  (or  the  entire  oxide  in  the  case  of  thin  oxides)  are 
considered  to  be  constituted  of  an  oxynitride  of  the  form  SiOxNy, 
where  the  respective  values  of  x andy  change  from  0.  and  1.33  in  the 
nitride  to  .5  and  .5  in  the  middle  of  this  layer  and  to  0.  and  0.  in 
the  silicon,  the  transition  occuring  smoothly  [7,48-50].  Alternately, 
the  nitride  to  silicon  transition  region  can  be  considered  to  be 
constituted  of  a microscopic  mixture  of  the  individual  phases  of  Si, 

S i 0 2 and  Si  3 N ^ , sandwiched  between  undulating  interfaces,  where  the 
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Si 02  and  Si 3N4  concentrations  decrease  towards  the  silicon,  and  the  Si 
and  Si02  concentrations  decrease  towards  the  nitride  [7], 

Thick  oxides  (>  80  A)  have  amorphous  structures,  while  20-40  A 
oxides  have  structures  different  to  any  of  the  known  crystalline  forms 
of  S i 0 2 » Si  3 N ^ and  SiC  [41,42].  Amorphous  oxides  consist  of  a random 
network  of  4,  6 and  7-9  member  rings  of  S i 04  tetrahedra,  joined 
together  by  bridging  0 atoms,  with  corresponding  Si-O-Si  bond  angles 
of  120°,  144°  and  160-180°  [38,50,56].  The  normal  structure  for  crys- 
tal 1 ine  Si02  consists  of  6 member  rings  with  a 144°  bond  angle.  The 
additional  two  structures  in  amorphous  silicon  dioxide  give  rise  to 
strained  bonds.  The  density  of  120°  bonds  increase  towards  the  Si/Si02 
interface.  The  greater  the  density  of  strained  bonds  near  this 
interface,  the  more  sensitive  the  device  is  to  radiation. 

The  oxide  contains  a large  number  of  Si-H  groups  [57].  The  Si 
concentration  decreases  in  the  oxide  from  both  interfaces  to  a minimum 
near  the  midpoint,  and  the  N concentration  decreases  monotoni cal  1 y in 
the  oxide  from  the  oxide/nitride  interface  towards  the  Si /Si 02  inter- 
face [54].  Some  Si-Si  bonds,  Si-H  bonds  and  Si  dangling  bonds  are 
present  at  the  oxide/nitride  interface,  and  some  N is  present  at  the 
Si / S i 0 2 interface  in  devices  where  the  nitride  has  been  deposited  at 
or  above  900°C  due  to  process  dependent  penetration  of  the  oxide  by 
the  N atoms  [44,49,50].  The  =Si  center  density  in  the  oxide  is  a low 
1014  cm-3  [28], 

During  oxidation,  after  three  Si  bonds  are  satisfied,  the  fourth 
takes  a little  longer  to  react  with  0 [54],  Therefore,  as  oxidation 
proceeds,  some  Si  atoms  will  be  left  with  unfilled  bonds,  giving 
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excess  Si  (Si  dangling  bonds).  In  thermal  oxides,  the  S i / S i 0 2 inter- 
face has  the  form  S i 0 x , where  x goes  from  0 to  2 over  a distance  of 

o 

up  to  25  A or  about  six  monomolecul ar  layers  from  the  silicon  surface 
(i.e.  a silicon  rich  region)  [9,41,58-61]  . The  transition  region  is 
thicker  for  steam  grown  oxides  than  for  thermal  oxides,  but  the  Si  :0 
ratio  is  smal  ler  due  to  the  presence  of  OH  and  H20  [58].  The  transi- 
tion region  is  smaller  for  low  temperature  annealed  and  LPCVD  oxides 
than  for  other  oxides  [30].  The  Si 0X  region  is  followed  by  a strained 
S i 0 2 region,  10-40  A thick,  and  then  by  stoichiometric  strain-free 
S i 0 2 [9].  The  intermediate  oxidation  states,  Si3  + , Si2+  and  Si+, 
corresponding  to  Si 2O3,  S i 0 and  S i 20  respectively,  are  all  present  in 
the  transition  region  [38,39,61,62].  The  concentration  of  SiO  is 
greater  than  that  of  S i 20  for  <100>  silicon,  and  vice-versa  for  < 1 1 1 > 
silicon,  while  <11 0>  silicon  yields  an  even  mixture  of  the  two.  A1  1 
three  contain  Si 2 0 3 - Some  Si 2O3  is  distributed  in  the  oxide  bulk  also. 

The  oxide  thickness  is  uniform  to  within  5 A,  but  the  oxide  layer 
has  undulations  of  3-8  A with  a 30-60  A periodicity  and  of  less  than 

O o 

3 A with  a 200-500  A periodicity  [41].  The  roughness  of  the  oxide 
layer  originates  from  the  roughness  of  the  unoxidized  silicon  surface. 
Taubenblatt  and  Helms  [63]  report  that  the  interfacial  width  is  inde- 
pendent of  the  oxide  thickness.  Johannessen  et  al.  [45]  report  that 
thinner  oxides  have  smoother  interfaces,  while  Wager  and  Wilmsen  [64] 
report  that  the  interface  width  increases  with  the  oxide  thickness  up 
to  a saturation  value  of  25  A at  an  oxide  thickness  of  50  A. 

A comprehensive  model  for  the  oxide  and  the  S i / S i 0 2 interface  has 
been  proposed  by  Johannessen  et  al.  [45,48],  They  state  that  the  Si0v 
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in  the  transition  region  arises  from  the  uneven  penetration  of  0 into 
the  silicon  surface  region,  causing  necking  and  finally  breaking  of 
Si-Si^  groups,  which  then  become  embedded  in  the  oxide.  These  groups, 
which  are  called  inclusions,  have  different  diameters  and  are  present 

o 

to  a depth  of  5-10  A in  the  oxide.  The  uneven  penetration  also  causes 
parts  of  the  silicon  surface  to  protrude  into  the  oxide  to  a depth  of 

° o 

about  20  A,  giving  a total  interface  width  of  34-38  A.  The  connective 
regions  between  the  Si -Si ^ formations  (in  the  substrate  and  the 
inclusions)  and  the  Si  - 0 ^ formations  (in  the  oxide)  have  the  form 
Si-(Six_^05_x),  x=2,3,4,  and  contain  intrinsic  bonding  defects  such  as 
Si  dangling  bonds  and  non-bridging  0 atoms.  Additionally,  extrinsic 
bonding  defects  due  to  impurities  such  as  H,  Na  and  Cl  occur  in  the 
connective  regions.  The  density  of  the  intrinsic  defects  depends  on 
the  oxygen  arrival  rate. 

5.2  Nitride  Traps,  Oxide/Nitride  Interface  Traps  and  Their  Origins 

Energy  levels  of  nitride  and  oxide/nitride  interface  traps  have 
been  determined  using  the  TSC,  VTH  (or  VpB)  Measurement  and  Charge 
Centroid  Measurement  techniques  [2,65-70].  Discrete  electron  traps 
around  1.0,  1.5  and  2.2  eV  bel  ow  the  nitride  conduction  band  edge  for 
the  nitride  and  around  0.8  and  1.3  eV  below  the  nitride  conduction 
band  edge  for  the  oxide/nitride  interface  have  been  reported.  Discrete 
hole  traps  occur  around  0.8  eV  above  the  nitride  valence  band  edge. 
Using  the  Photocurrent  Spectroscopy  Technique,  Kapoor  and  Bibyk  [71] 
have  measured  discrete  electron  traps  between  2.5  and  3.8  eV  below  the 
nitride  conduction  band  edge  at  0.3  eV  intervals.  Hole  traps  are  much 
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shallower  than  electron  traps  [3],  The  density  and  capture  cross- 
section  of  the  nitride  and  oxide/nitride  interface  traps  have  been 
measured  using  the  Internal  Photoelectric  Effect,  TSC  and  Charge 
Centroid  Measurement  techniques  [2,26,29,51].  A nitride  trap  density 
of  0.9-8xl0iO  cm"J  with  a capture  cross-section  of  0.1-2xlCT12  cm2  and 
an  oxide/nitride  trap  density  of  0.5-3X10-*-2  cm”2  with  a capture  cross- 
section  of  5x10”^  cm2  have  been  reported. 

Energy  levels  of  states  in  the  nitride  have  been  determined  from 
energy  level  calculations  using  the  tight-binding  and  recursion 
methods  [27,28]  and  from  photopopul ation  measurements  [43],  The  =Si 
centers  outnumber  the  =N  centers.  Therefore,  the  -Si  centers  are 
either  neutral  (=Si°)  or  positively  charged  dangling  bonds  (=Si+), 
while  the  =N  centers  are  doubly  occupied  and  negatively  charged.  The 
Si  dangling  bonds  have  states  0.8  eV  below  the  nitride  conduction  bana 
edge  and  serve  as  electron  traps,  while  the  = N"  centers,  which  have 
states  just  above  the  nitride  valence  band  edge,  serve  as  hole  traps. 
The  Si-Si  and  Si-H  bonding  states  occur  respectively  around  0.1  and 
0.5  eV  above  the  nitride  valence  band  edge.  Being  bonding  states,  they 
are  less  capable  of  trapping  than  dangling  bonds  and  provide  hopping 
centers  for  holes,  thereby  generating  a valence  band  tail.  The  states, 
=N°,  N-H  bonding,  N-H  antibonding,  Si-H  antibonding  and  Si-Si  antibon- 
ding, are  outside  the  nitride  energy  bandgap,  and  the  states,  =Si°  and 
-Si  , are  deep  in  it.  Therefore,  these  states  do  not  serve  as  memory 
traps.  From  measurements  with  the  SAES  and  Photoelectric  Effect 
techniques,  Bailey  and  Kapoor  [51]  have  determined  that  electron 
trapping  is  strongly  dependent  on  the  at.%  of  Si  (i.e.  excess  Si). 
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Kirk  [46]  has  proposed  a Valence  Alternate  Pair  (VAP)  model  to 
account  for  both  electron  and  hole  traps  in  the  nitride.  VAP  states 
occur  when  two  trivalent  N atoms  (normal  form  in  stoichiometric  Si 3 N ^ ) 
give  rise  to  a tetravalent  N atom  and  a bivalent  N atom,  viz:  ' 

2N3  Nj  + N3 

The  and  the  have  states  close  to  the  nitride  conduction  band 
edge  and  valence  band  edge  respectively.  These  give  rise  to  two  other 
charge  states,  and  Nj?  (singly  occupied  intermediate  memory  states) 
and  and  (doubly  occupied  deep  permanent  states).  The  problem 
with  this  model  is  that,  barring  other  states,  the  electron  and  hole 
trap  densities  must  be  the  same,  which  they  are  not. 

5.3  Si /Si 0?  Interface  States,  Silicon  Bulk  Traps  and  Their  Origins 

The  Si / S i 0 2 interface-state  density  distribution  across  the  sili- 
con energy  bandgap  for  MOS  and  MNOS  devices  has  been  measured  using 
the  CCDLTS,  Conductance,  DLTS,  QSCV  and  TSC  techniques.  Generally,  a U 
shaped  characteristic  in  the  range  of  0.1  to  1.05  eV  from  the  valence 
band  edge  with  a minimum  value  between  1010  and  1013  eV_1cm“2  has  been 
reported  [2,5,6,9,10,12,30,33,36,56,72-83],  The  minimum  occurs  in  the 
range  of  0.45  to  0.85  eV  from  the  valence  band  edge.  In  some  of  these 
results  [10,33,36,79-83],  one  or  more  humps  in  the  interface-state 
density  characteristic  could  be  observed.  A structure  that  peaks  in 
the  upper  bandgap  region  and  trails  towards  the  band  edges  has  been 
obtained  from  thermal  techniques  [18,84-88].  A double-peak  structure 
has  been  reported  by  Uranwala  et  al.  [89]  with  the  peaks  at  0.4  and 
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0.7  eV  from  the  valence  band  edge  and  by  Gray  and  Brown  [90]  with  the 
peaks  at  0.1  and  1.0  eV.  The  interface-state  density  values  obtained 
from  the  thermal  techniques  range  from  2xl08  to  6xl013  eV_1cm“2.  Using 
the  DLTS  technique,  Wang  [91]  has  measured  a peak  of  1012  eV_1cm"2 
near  the  valence  band  edge  and  humps  elsewhere  in  the  bandgap.  Johnson 
et  al.  [79]  report  of  discrete  interface  trap  levels  between  0.25  and 
0.4  eV  from  the  valence  band  edge  with  a maximum  of  3xlOn  eV_1cnT2  at 
0.35  eV  in  unannealed  thermal  oxide  MOS  devices.  These  could  be 
removed  by  a low  temperature  H2  anneal. 

The  energy  of  an  interface  trap  is  sensitive  to  chemical  inhomo- 
geneities (ions;  stretched,  bent  and  broken  bonds)  around  it  [6],  Due 
to  the  1 arge  number  of  such  inhomogeneities,  there  is  a statistical 
deviation  in  the  energy  level  of  a trap.  The  effect  of  all  these 
deviations  is  that  the  traps  appear  to  be  in  an  energy  continuum. 

The  sharp  increase  in  the  interface-state  density  towards  each 
band  edge  results  in  band  tailing.  These  band  tails  can  be  considered 
as  states  caused  by  scattering  from  defects  with  energies  removed  from 
the  band  edges  [83].  Nicollian  and  Brews  [6]  explain  the  band  tails  as 
follows:  Large  clusters  of  fixed  oxide  charges  may  occur  with  a low 
probability  in  small  areas  and  may  pull  a localized  state  from  the 
silicon  conduction  or  valence  band  into  the  bandgap.  These  states  are 
most  likely  to  occur  near  the  band  edges,  resulting  in  band  tails. 

The  interface-state  density  is  highest  in  the  < 1 1 1 > direction  and 
lowest  in  the  <100>  direction,  with  a reported  ratio  of  the  former  to 
the  latter  between  5:1  and  10:1  [6,9,90,91].  This  is  attributed  to  a 
higher  availability  of  incomplete  Si  bonds  (Si  dangling  bonds)  in  the 
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<111^  direction.  The  interface-state  density  is  higher  for  dry  un- 
annealed oxides  than  for  dry  annealed  oxides  and  is  lowest  for  wet 
oxides  [6].  Deposited  (LPCVD)  oxides  give  lower  interface-state  densi- 
ties than  grown  oxides  [30].  The  interface-state  density,  although 
assumed  to  be  independant  of  temperature,  drifts  slightly  with  it  in 
practice  [12].  This  has  been  attributed  to  the  dependence  of  the 
energy  bands  on  temperature  [6],  The  interface-state  density  depends 
on  the  amount  of  water  in  the  oxygen  used  for  the  oxide  growth  [90]. 
It  is  reduced  by  the  OH'  ions,  which  passivate  the  defects  at  the 
interface.  The  measured  interface-state  density  depends  on  the  fixed 
oxide  charge  due  to  the  common  chemical  origin  of  the  states  and  the 
charge  [80].  Thinner  oxides  result  in  higher  measured  interface-state 
densities  due  to  the  contribution  from  the  oxide/nitride  interface 
traps  to  the  measured  capacitance  [73], 

The  depth  from  the  silicon  surface  to  which  interface  states  are 
present  in  the  oxide  has  been  measured  using  photothermal  probing, 
el  1 ipsometry  and  comparisions  of  theoretical  models  with  electrical 
measurement  data.  Nicol  1 ian  and  Brews  [6]  report  this  depth  to  be 

o 

5-10  A,  which  is  of  the  order  of  an  atomic  spacing,  while  Pierret  [92] 
reports  it  to  be  20  A.  Hamasaki  [55]  claims  that  interface  states  are 
present  only  in  a monomol ecu  1 ar  layer  of  thickness  1.4-2  A. 

An  interface  trap  is  a donor  if  it  is  neutral  when  full  and 
positive  when  empty  and  an  acceptor  if  it  is  neutral  when  empty  and 
negative  when  full.  The  measured  interface-state  density  is  the  sum  of 
the  donor  and  acceptor  interface-state  densities.  Using  comparisions 
of  VpB  measurements  with  theoretical  models,  Huang  [81]  and  Gray  and 
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Brown  [90]  have  found  that  the  interface  states  in  the  upper  half  of 
the  silicon  bandgap  are  acceptors,  while  those  in  the  lower  half  are 
donors.  In  this  case,  none  of  the  interface  states  is  charged  when  Ep 
intersects  Eis.  From  electrical  measurements,  Kamada  and  Yagi  [93] 
also  report  that  the  interface  states  in  the  upper  half  of  the  bandgap 
are  acceptors.  Nicollian  and  Brews  [6]  report  that  the  interface 
states  in  the  upper  h a 1 f of  the  bandgap  for  thermal  oxide  devices  have 
been  determined  from  conductance  measurements  to  be  donors  and  that 
there  are  no  reliable  data  to  determine  the  type  of  the  states  in  the 
lower  half  of  the  bandgap.  Using  G-V  measurements  with  temperature  as 
parameter,  Singh  and  Srivastava  [33]  report  that  both  donor  and 
acceptor  states  are  found  in  the  upper  half  of  the  bandgap. 

The  capture  cross-section  of  the  interface  states  in  the  upper 
half  of  the  silicon  bandgap  has  been  measured  using  the  Conductance 
and  DLTS  techniques  [5,12,77,94],  It  has  been  found  to  decrease 
towards  the  conduction  band  edge  from  10'13  to  10"19  cm2  first  loga- 
rithmically and  then  exponentially.  The  rapid  decrease  in  the  capture 
cross-section  towards  the  conduction  band  edge  has  been  attributed 
partly  to  the  screening  of  interface  states  by  majority  carriers 
during  accumulation  biases,  which  effectively  reduces  the  capture 
cross-section  of  donor  type  traps  in  n-silicon  devices  [6]. 

There  are  two  types  of  interface  states.  They  are  intrinsic 
states  associated  with  Si  dangling  bonds  at  the  silicon  surface  (de- 
fects) and  with  bond  angle  distortions  (disorders)  and  extrinsic 
states  associated  with  impurities  [33,78].  The  bond  angle  distortions 
and  the  impurity  states  have  a Boltzmann  distribution  and  a Gaussian 
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distribution  respectively.  The  midgap  states  are  intrinsic,  while  the 
band  edge  states  comprise  both  types  [33,55,61,79],  From  comparisions 
of  theory  with  admittance  measurement  data,  Ancona  [10]  has  shown  that 
the  measured  interface-state  density  is  composed  of  two  components  - 
the  "bond  strain"  component  and  the  "dielectric"  component.  The  latter 
has  a U shape,  is  the  dominant  component  and  is  greater  than  the 
measured  interface-state  density  near  the  valence  band  edge,  while  the 
former  is  apparently  negative  towards  this  band  edge.  FI ietner  and 
Si nh  [78]  have  characteri zed  the  interface  states  using  deconvolution 
of  interface-state  density  curves  of  dry  and  wet  oxide  devices.  From  a 
consideration  of  activation  energies,  they  have  shown  that  the  midgap 
states  are  due  to  Si  dangl  ing  bonds,  and  that  the  band  edge  states  are 
due  to  bond  angle  distortions.  Using  tight-binding  and  recursion 
methods  to  calculate  the  energy  levels  of  states,  Joannopoulos  [95] 
and  Laughlin  et  al.  [96]  have  shown  that  the  conduction  band  edge 
states  are  due  to  Si-O-Si  bond  angle  distortions,  the  midgap  states 
are  due  to  Si  dangling  bonds  at  the  silicon  surface,  and  the  valence 
band  edge  states  are  due  to  Si-Si  bond  angle  distortions.  Si  dangling 
bonds  and  Si-Si  bonds  in  the  oxide  give  rise  to  states  near  both  band 
edges.  Johannessen  et  al . [45,48]  have  attributed  the  interface  states 
to  the  bonding  defects  in  the  connective  regions  at  the  rough  Si - Si 02 
boundary  (see  Section  5.1.3).  They  claim  that  donors  are  associated 
with  Si  dangling  bonds  and  acceptors  with  non-bridging  0 atoms. 

A high  interface-state  density  has  several  adverse  effects.  It 
gives  a higher  decay  rate  of  memory  charge  due  to  a higher  back- 
tunneling  current  and  reduces  the  oxide  breakdown  field,  the  latter 
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resulting  in  early  degradation  of  the  device.  It  also  gives  rise  to  a 
significant  noise  component  under  an  applied  a.c.  field  due  to 
fluctuating  trap  occupancy.  Hence,  the  interface-state  density  has  to 
be  controlled  using  appropriate  processing  steps. 

The  silicon  bulk  traps  are  due  to  impurities  such  as  Au,  Cu,  Fe, 
Mn,  Ni  and  Zn  which  have  states  near  the  silicon  midgap.  They  serve  as 
efficient  G-R  centers  for  electrons  and  holes.  Chan  et  al.  [32]  have 
calculated  a bulk  trap  density  of  4xl013  cm"3  for  MNOS  using  a plot  of 
Ggf  versus  1/w. 


5 . 4 Charges 

The  reported  values  for  the  distance  of  the  nitride  charge 
centroid  from  the  oxide/nitride  interface  range  from  one  third  to  half 
the  length  of  the  nitride  [2,25,29].  The  charge  distribution  extends 
almost  the  entire  length  of  the  nitride.  The  location  of  the  charge 
centroid  depends  on  the  magnitude  of  the  charging  pulse  and  is  deeper 
in  the  nitride  for  holes  than  for  electrons.  The  initial  nitride 
charge  distribution  for  a uniform  nitride  trap  density  of  Nt  can  be 
described  by  [65] 

n(x)  = N0exp(-x/A)  (5.1) 

where  x is  the  distance  from  the  oxide/nitride  interface;  N0  (<  Nt)  is 
the  charge  density  at  this  interface,  which  depends  on  the  number  of 
injected  charges;  and  A is  the  mean  free  path  for  trapping  of  charges 
in  the  nitride  during  injection,  which  is  inversely  proportional  to 
Nf  The  charge  distribution  is  i 1 lustrated  in  Figure  5.1.  The  total 
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trapped  charge  is  AqNQX , where  A is  the  device  area  [70].  Lehovec  [13] 
reports  that  the  steady  state  nitride  charge  distribution  depends  on 
the  nitride  field  and  $pp  but  not  on  the  nitride  trap  depth  or  densi- 
ty, except  in  a narrow  region  close  to  the  oxide/nitride  interface. 

Oxide  charges  differ  from  the  S i / S i 0 2 interface-state  charge  in 
that  they  do  not  communi  cate  with  the  silicon  surface.  The  types  of 
oxide  charges  are 

(i)  Fixed  oxide  charge  due  to  localized  charge  centers  in  the  oxide 
near  the  S i / S i 0 2 interface  arising  from  intrinsic  defects  in  the 
oxide.  This  charge  is  a net  positive  charge,  has  a density  of 

in  i o o 

10  to  10  cm  [6,55,61,73]  and  occurs  within  10-30  A of  the 
silicon  surface  [9,55].  It  has  a chemical  origin  similar  to  that 
of  the  Si/Si02  interface  states.  It  is  highest  in  the  < 1 1 1 > 
direction  and  lowest  in  the  <100>  direction  [9].  From  the  point 
of  view  of  the  model  of  Johannessen  et  al.  described  in  Section 
5.1.3,  the  fixed  oxide  charge  is  associated  with  the  ooriding 
defects  in  the  connective  regions  between  the  Si  inclusions  arid 
the  sorrounding  oxide.  This  charge  has  also  been  ascribed  to  the 
bonding  defects  in  the  oxide  near  the  S i / S i 0 2 interface  whose 
energy  levels  lie  outside  the  silicon  bandgap  but  within  the 
oxide  bandgap  [55].  Raider  and  Berman  [61]  attribute  this  charge 
to  (Si -0)+  resulting  from  the  termination  (by  quenching)  of  the 
oxidation  reaction  at  the  intermediate  stage  shown  below. 

Si-Si  + (0)  — =Si°  + (Si-0)+  + e (intermediate) 


Si -0-Si 


(compl ete) 
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(ii)  Mobile  oxide  charge  due  to  positive  ions  (mainly  Na+  and  other 
alkali)  from  the  sorrounding  system  that  contaminate  the  oxide 
during  high  temperature  processes  such  as  oxidation  and  annea- 
ling. These  ions  migrate  under  conditions  of  high  field  and/or 
high  temperature  and  can  create  a detrimental  surface  inversion 
layer  in  n-channel  MNOS  FET's  and  avalanche  breakdown  in  p- 
channel  MNOS  FET's  due  to  a reduced  depletion  width  around  the 
p -diffusions  and  an  increased  field.  A mobile  oxide  charge  can 
cause  hysterisis  of  the  C-V  curves  when  the  density  of  this 
charge  exceeds  1010  cm'2. 

(.iii)  "tapped  oxide  charge  created  by  ionizing  radiation,  hot  electron 
or  hole  injection  from  the  silicon  under  an  avalanche  field  and 
carrier  emission  by  photoemission.  This  too  is  a net  positive 
charge . 

The  three  oxide  charges  can  be  distinguished  by  Bi as-Temperature 
(B-T)  experiments.  Fixed  oxide  charge  does  not  al ter  the  C-V  curves 
after  B-T  stress.  Mobile  oxide  charge  shifts  the  C-V  curves  in  the 
negative  voltage  direction  for  positive  B-T  stress  due  to  the  movement 
of  the  charge  from  the  nitride  side  of  the  oxide  towards  the  Si  / S i 0 2 
interface.  It  does  not  affect  the  C-V  curves  for  negative  B-T  stress. 
The  trapped  oxide  charge  causes  the  C-V  curves  to  move  in  the  positive 
voltage  direction  after  either  positive  or  negative  B-T  stress  due  to 
the  charge  annealing  out. 

The  fixed  oxide  charge  is  reduced  by  post-oxidation  inert  gas  ' 
(e.g.  Ar)  annealing  [55,61].  This  may  be  due  to  the  comp  1 e ti on  of  the 
oxidation  reaction.  The  mobile  ion  concentration  can  be  kept  low  by 
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clean  processing  [8].  The  trapped  oxide  charge  can  be  reduced  by 
photoemission  of  electrons  from  either  the  metal  or  the  silicon  [8], 
which  recombine  with  the  trapped  holes. 

\ 

5 • 5 Measured  Si /Si Og  Interface-State  Density  Curves 
and  Their  Dependence  on  Processing  Variations 

Figure  5.2  shows  the  measured  interface-state  density  curves. 
Device  #15,  where  the  pre-nitride  NH40H  dips  were  not  employed,  has 
the  highest  interface-state  density.  The  NH40H  reduces  the  interface- 
state  density  by  etching  out  regions  of  aggl omoration  of  impurities 
and  incomplete  Si-0  bonding  (silicon-rich  regions),  similar  to  the  HC1 
pre-nitride  residual  treatment  [60],  which  gives  a rougher  but  cleaner 
oxide  impervious  to  N.  The  high  ammonia/DCS  ratio  used  for  device  #4 
results  in  the  incorporation  of  0 into  the  nitride  [7,54],  It  also 
results  in  the  penetration  of  the  thin  oxide  by  0 and  N atoms.  Hence, 
the  interface-state  density  for  this  device  is  higher  than  for  devices 
#3  and  #7.  As  described  in  Section  5.3,  the  midgap  states  are  due  to 
Si  dangling  bonds  at  the  silicon  surface,  and  the  conduction  band  edge 
states  are  due  to  Si-O-Si  bond  angle  distortions.  In  an  H2  anneal,  the 
H passivates  the  S i / S i 0 2 and  oxide/nitride  interface  states  [4,45,93, 
97,98].  Therefore,  the  higher  interface-state  density  of  device  #7 
compared  to  device  #3  near  the  conduction  band  edge  can  be  attributed 
to  an  increase  in  the  Si -0-Si  bond  angle  distortions  due  to  the  high 
temperature  H2  anneal,  and  its  lower  interface-state  density  near  .the 
midgap  can  be  attributed  to  the  passivation  of  the  Si  dangling  bonds 
by  H during  the  anneal. 
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Fig. 5. 2 The  Si /Si O2  interface-state  density  versus  energy  curves 
for  the  p+-gridded  MNOS  capacitors  processed  under  four 
different  conditions. 


CHAPTER  VI 
RETENTION 

6 . 1 Introduction 

The  retention  time  of  a nonvolatile  MNOS  memory  device  is  the 
time  the  Write  and  Erase  thresholds  remain  distinguishable  from  the 
non-memory  threshold.  There  are  several  mechanisms  for  the  decay  of 
stored  memory  charge  at  zero  bias  and  under  low  Read  voltages.  They 
are  [2,67,99-103] 

(i)  Direct  Tunneling  or  back-tunneling  of  electrons  from  the  nitride 
traps  through  the  oxide  to  the  silicon  conduction  band.. 

(ii)  Hole  injection  from  the  silicon  across  the  oxide  into  the 
nitride  valence  band.  This  is  negligible,  except  when  the  stored 
charge  is  large,  or  when  a bias  is  applied.  The  latter  is 
significant,  as  it  limits  the  Read  time  and  the  allowable  number 
of  Read  pul ses. 

(iii)  Redistribution  of  electrons  deeper  into  the  nitride  or  hole 
conduction  towards  the  oxide/nitride  interface. 

(iv)  Thermal  Excitation  (TE)  of  charges  at  high  temperatures  due  to 
Poo  1 e-Frenke 1 detrapping  and  retrapping.  The  detrapping  field  is 
the  field  due  to  the  stored  charge  or  the  low  Read  voltage. 

In  reported  retention  characteristics,  the  decay  rate  is  linear 
with  log  time  [4,72,99,100,104].  This  behavior  has  been  attributed  to 


79 


80 


the  exponential  dependence  of  the  tunneling  time  constant  on  the 
distance  of  traps  from  the  oxide/nitride  interface  [105].  According  to 
Dobbs  e t a 1 . [102],  the  decay  rate  is  slower  than  log  time  for 
negative  stored  charge.  This  has  been  attributed  to  the  negative 
stored  charge  being  small,  which  causes  the  detrapping  field  to  be 
small.  Hezel  [47]  reports  that  decay  rate  is  initially  faster  than  log 
time.  Jones  and  Brown  [103]  report  that  a large  percentage  of  charge 
is  lost  within  5 minutes  of  Write  (or  Erase),  while  Ferri s-Prabhu  [19] 
reports  that  20%  of  the  charge  is  lost  in  a few  microseconds.  The 
decay  rate  of  positive  stored  charge  is  greater  than  that  of  negative 
stored  charge  [4,72,103,104],  This  is  attributed  to  the  electric  field 
(due  to  the  stored  charge)  being  greater  for  the  former.  The  applica- 
tion of  an  external  voltage  (e.g.  a Read  pulse)  during  charge  storage 
increases  or  decreases  the  decay  rate  depending  on  the  polarity  of  the 
pulse  [65,106].  This  is  attributed  to  the  Poole-Frenkel  barrier 
lowering  effect  and  its  reverse.  The  decay  rate  returns  to  normal  when 
the  external  voltage  is  removed. 

Initial  decay  is  said  to  begin  at  a time  td,  whose  reported 
values  range  from  10  ^ to  4 s [65,67,68,105,107].  The  equation  for 
decay  is  written  as  [65] 


VTH 


„VTI[l~rlog( t/td) ] 


t $ td 
t > td 


(6.1) 


where  Vyj  is  the  initial  value  of  Vy^,  and  r is  the  constant  of  decay. 
The  initial  decay  is  primarily  due  to  back-tunnel i ng  [68].  A break 
point  in  the  decay  curve  has  been  observed  at  a time  of  a few  seconds 
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to  106  secs  after  Write  (or  Erase)  [68,98,105,108].  The  decay  rate  is 
higher  beyond  the  break  point.  This  increased  decay  has  been  attri- 
buted to  the  redistribution  of  charge  into  the  nitride  and  back- 
tunneling  of  charges  deeper  in  the  nitride  which  have  been  detrapped 
through  Pool  e-Frenkel  emission  [98,105].  The  detrapped  charges  accumu- 
late at  the  oxide/nitride  interface,  creating  an  additional  field, 
which  enhances  back-tunne 1 i ng.  Hence,  the  field  assisted  back-tunne- 
ling time  constant  of  these  charges  is  much  less  than  that  associated 
with  their  trap  locations  in  the  nitride.  Therefore,  the  decay  rate  is 
greater. 

At  high  temperatures  (>  85°C),  TE  causes  the  decay  rate  to  be 
faster  than  log  time  [1,67,100,102,103].  The  break  point  is  advanced 
with  increased  temperature  due  to  detrapping  of  charges  from  deeper 
traps  [100,105],  Sutton  [2]  reports  that  the  nitride  traps  around 
1.5  eV  below  the  nitride  conduction  band  edge  correspond  to  the  125  - 
200°C  zero  field  charge  emission  range.  Therefore,  the  MN0S  has  good 
retention  characteristics  up  to  about  150°C.  The  traps  around  1.0  eV 
below  the  nitride  conduction  band  edge  empty  at  room  temperature.  This 
accounts  for  the  initial  rapid  decay  of  stored  charge. 

^ • 2 Effects  of  Processing  Variations  on  the  Retention  Characteristics 

The  control  of  the  H concentration  and  its  bonding  configurations 
by  varying  the  nitride  deposition  conditions  and  by  post-deposition 
treatments  enables  to  tailor  the  retention  characteri sties  of  the 
device  as  desired.  The  Si-H  (or  H)  concentration  determines  the  posi- 
tive stored  charge,  and  the  amount  of  unpassivated  Si  dangling  bonds 
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(or  excess  Si)  determines  the  negative  stored  charge  [43,97],  Thus 
either  n-channel  or  p-channel  operation  can  be  achieved  by  controlling 
the  Si-H  and  Si  dangling  bond  concentrations  in  the  nitride.  The 
measured  net  stored  charge  is  a result  of  the  cancellation  of  fields 
due  to  the  positive  and  negative  stored  charges.  Thus,  to  obtain  an 
appreciable  change  in  the  stored  charge,  a change  of  at  least  a 1 at.% 
in  the  relative  concentrations  of  trapping  centers  is  required  [43], 

Post-ni tri dation  H2  anneal  enables  to  change  the  H content  and 
the  Si-H/N-H  ratio  as  desired.  If  the  anneal  temperature  is  equal  to 
or  greater  than  the  deposition  temperature,  H is  lost,  and  the  Si-H 
and  N-H  concentrations  decrease  [40,43,44,52,97,109].  Hence,  the  posi- 
tive stored  charge  decreases.  The  H loss  in  an  H2  anneal  is  less  than 
in  an  N2,  inert  gas  or  vacuum  anneal.  The  H loss  is  diffusion  limited 
and  therefore  depends  on  the  nitride  thickness.  Due  to  the  H loss,  Si 
an  N aangl  ing  bonds  are  created,  which  in  turn  may  give  rise  to  S i - N 
bonds,  Si-Si  bonds,  weak  N-N  bonds  and  VAP's  [40].  The  evolution  of 
these  VAP's  can  be  described  by 

2Si 3 Si^  + Si 3 

2N2  n£  + N2 

Also,  when  the  anneal  temperature  exceeds  the  deposition  temperature, 
Pool  e-Frenkel  type  centers  are  created  just  below  the  nitride  conduc- 
tion band  edge  [107],  and  the  nitride  contains  a higher  percentage  of 
negative  charges  possibly  due  to  the  decomposition  of  N-H  bonds  [47]. 
The  Pool  e-Frenkel  type  centers  increase  the  nitride  conductivity. 
Hence,  retention  is  reduced.  The  decay  rate  decreases  with  the  H2 
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anneal  temperature  up  to  the  deposition  temperature  and  increases 
thereafter  [98],  The  latter  is  attributed  to  an  increase  in  the 
nitride  conductivity  and  to  enhanced  redistribution  of  charge  in  the 
nitride.  The  decay  rate  is  greatest  for  unannealed  devices. 

A higher  ammonia/DCS  ratio  results  in  a lower  at.%  of  Si  [51],  a 
higher  nitride  trap  density  [26]  and  a higher  concentration  of  0 
impurity  from  ammonia  gas  contamination  [7,54],  The  lower  at .%  of  Si 
gives  a lower  negative  stored  charge.  The  additional  nitride  traps  are 
mostly  shallow  traps  and  therefore  discharge  easily  [67],  The  higher  0 
concentration  gives  a higher  electron  trap  density  [3].  low  ammo- 
nia/DCS ratios  give  silicon  rich  nitrides'with  more  N-H  and  N-N  bonds, 
the  N atom  being  coordinated  by  fewer  than  three  Si  atoms  [4,40,67], 
These  result  in  a high  nitride  conductivity  and  a low  retentivity. 

6.3  Measured  Retention  Characteri sti cs  and  Their 
Dependence  on  Processing  Variations 

Figure  6.1  shows  the  retention  curves  for  device  #15,  where  the 
pre-nitride  NH^OH  dips  have  not  been  used.  The  curves  for  the  other 
devices  are  similar.  is  linear  with  log  time  for  both  positive  and 
negative  stored  charges  (denoted  respectively  by  +Q  and  -Q).  Circles 
indicate  break  points  in  the  decay  rate.  Table  6.1  shows  the  average 
retention  data  for  the  four  devices.  1st  V/ dec  and  2nd  V/ dec  are  the 
decay  rates  per  decade  of  time  before  and  after  the  break  point 
respectively.  The  initial  decay  can  be  attributed  to  field  (due  to  the 
stored  charge)  enhanced  back-tunneling  of  the  stored  charge.  The 
slower  decay  rate  at  larger  times  suggests  that,  after  some  critical 
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Fig. 6.1  Retention  curves  for  the  MNOS  device  #15  for  positive 
stored  charge  (+Q)  and  negative  stored  charge  (-Q). 


Table  6.1  Average  Retention  Data  for  the  Four  MNOS  Devices 


Device  # 

Window  (V) 

Window 
Center  (V) 

1st  V/dec 

2nd  V/dec 

1 min 

40  min 

1 min 

+Q 

-Q 

+Q 

-Q 

3 

12.08 

9.95 

-4.01 

.75 

.60 

.65 

.52 

4 

11.39 

9.54 

-4.52 

.64 

.53 

.64 

.43 

7 

11.45 

9.40 

-4.03 

.65 

.64 

.62 

.43 

15 

8.49 

5.65 

-3.44 

1.14 

.73 

.90 

.49 
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value  of  the  field  corresponding  to  the  break  point,  the  decay  process 
is  governed  by  slower  processes  such  as  redi stri buti on  of  the  charge 
into  the  nitride  and  large  time-constant  decay  of  the  charge  located 
deeper  in  the  nitride  via  back- tunne 1 i ng.  The  decay  rate  is  greater 
for  positive  stored  charge  than  for  negative  stored  charge.  This  is 
due  to  a greater  electric  field  resulting  from  the  greater  positive 
stored  charge  and  to  shallower  states  being  available  for  hole 
discharge  than  for  electron  discharge. 

Device  #3  has  the  largest  window.  This  is  because  the  low 
ammonia/DCS  ratio  gives  a silicon-rich  nitride  [4,67],  resulting  in  a 
large  number  of  Si  dangling  bonds,  which  serve  as  electron  traps,  and 
Si-Si  centers,  which  serve  as  hole  traps  [28],  However,  the  availabi- 
lity of  shallow  traps  result  in  slightly  higher  decay  rates  compared 
to  devices  #4  and  #7.  Device  #4  has  the  most  negative  memory  window. 
This  may  be  due  to  the  formation  or  inclusion  of  some  positive  charge 
species  such  as  Si-H  when  a high  ammonia/DCS  ratio  is  used.  The 
anneal  passivates  Si  dangling  bonds  and  =N~  centers  (hole  traps  [28]) 
and  breaks  Si-Si  bonds  to  form  Si-H  and  N-H  bonds.  Thus,  the  memory 
window  is  reduced  at  both  ends  for  device  #7  compared  to  device  #3. 
For  device  #15,  where  the  oxidized  silicon  surface  has  not  been 
treated,  the  highest  decay  rates  and  the  smallest  window  are  obtained. 
This  is  due  to  the  high  S i / S i 0 2 interface-state  density  of  this  device 
and  its  poor  quality  oxide,  which  degrades  its  retention  capability. 
The  deviations  in  the  amount  and  the  decay  rate  of  stored  charge  of 
device  #15  from  those  of  the  other  devices  are  more  significant  for 
positive  stored  charge  than  for  negative  stored  charge.  This  suggests 
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that  the  untreated  oxide  provides  hopping  centers  for  hole  transport 
through  the  oxide. 

Figures  6.2  - 6.5  illustrate  the  dependence  of  the  retention 
characteristics  on  temperature.  The  window  widths  decrease  with  tempe- 
rature. This  is  due  to  the  TE  process.  The  decrease  is  least  for 
device  #7  and  is  only  slightly  more  for  device  #4.  Device  #15  has  the 
highest  decrease.  The  window  centers  become  more  positive  with  tempe- 
rature. This  is  due  to  the  shal  lower  hole  traps  being  more  easily 
discharged  by  TE  than  the  deeper  electron  traps.  The  movement  of  the 
window  center  is  the  least  for  device  #7  and  the  most  for  device  #15, 
while  it  is  approximately  the  same  for  devices  #3  and  #4.  The  decay 
rates  for  both  positive  and  negative  stored  charges  increase  with 
temperature.  This  too  is  due  to  the  TE  process.  The  increase  in  the 
decay  rate  is  more  significant  for  positive  stored  charge  than  for 
negative  stored  charge.  This  is  due  to  the  hole  traps  being  shallower 
and  more  numerous  than  the  electron  traps.  The  increase  in  the 
positive  stored  charge  decay  rate  for  device  #3  is  greatest  around 
room  temperature,  while  those  for  devices  #4  and  #7  are  greatest  in 
the  75  - 1 2 5 0 C range.  These  suggest  that  the  hole  traps  in  device  #3 
are  shallow,  while  those  in  devices  #4  and  #7  are  at  an  intermediate 
depth.  The  hole  trap  depth  of  device  #15  cannot  be  correlated  to  the 
decay  rate  due  to  the  influences  of  a high  S i / S i 0 2 interface-state 
density  and  a poor  quality  oxide,  which  tend  to  hide  the  detrapping 
effects  of  temperature.  Negative  stored  charge  decay  rate  increases 
significantly  after  125°C  for  devices  #3  and  #15,  indicating  deep 
electron  traps  in  these  devices. 


Window  Width  (V) 
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Fig. 6.2  Variation  of  memory  window  width  with  temperature  for 
the  four  MNOS  devices. 
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Fig. 6. 3 Variation  of  memory  window  center  with  temperature  for  the 
four  MNOS  devices. 


Decay  Rate  for  +Q  (V/ dec) 
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Fig. 6. 4 Variation  of  positive  stored  charge  decay  rate  with  tempe- 
rature for  the  four  MNOS  devices. 


Decay  Rate  for  -Q  (V/dec) 
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Fig. 6. 5 Variation  of  negative  stored  charge  decay  rate  with  tempe- 
rature for  the  four  MNOS  devices. 
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The  good  temperature  behavior  of  devices  #4  and  #7  can  be  attri- 
buted to  nitride  memory  traps  created  by  the  high  ammonia/DCS  ratio  in 
the  former  and  the  high  temperature  H2  anneal  in  the  latter.  The  high 
ammonia/DCS  ratio  gives  some  0 impurity  atoms  (electron  traps)  [3]  and 
possibly  some  Si -H  bonds  (hole  traps)  in  the  nitride,  while  the  high 
temperature  H2  anneal  gives  Si  dangling  bonds  (electron  traps)  and  Si- 
Si  bonds  (hole  traps)  in  the  nitride  [40].  The  more  significant  depen- 
dence of  the  retention  characteri  sties  of  device  #15  on  temperature 
compared  to  the  other  devices  is  attributable  to  its  high  S i / S i 0 2 
interface-state  density  and  its  poor  quality  oxide  resulting  from  the 
absence  of  the  pre-nitride  NH^OH  clean  process. 


CHAPTER  VII 
ENDURANCE 

7. 1 Introduction 

The  endurance  of  an  MNOS  memory  device  is  defined  in  terms  of  the 
number  of  Write/Erase  cycles  it  can  withstand  before  undergoing  com- 
plete degradation.  Degradation  effects  in  MNOS  devices  have  been 
studied  using  Write/Erase  cycling  and  B-T  stress.  The  degradation 
effects  on  memory  properties  are 

(i)  A reduction  in  the  Write/Erase  window  width  [108]. 

(ii)  An  increase  in  the  decay  rates  [37,105,106,108], 

(iii)  An  overall  movement  of  the  threshold  memory  window  in  the 
negative  voltage  direction  [106,108], 

Other  degradation  effects  are  an  increased  Si / S i 0 2 interface-state 
density  [82,106,108],  an  increased  nitride  conductivity  [108,109],  a 
broader  and  shallower  quasi-static  C-V  curve  [57,84],  a movement  of 
the  nitride  charge  centroid  deeper  into  the  nitride  [103,105,108],  an 
advancement  of  the  break  point  in  the  decay  rate  [98,105,108]  and  the 
breakdown  of  the  thin  oxide  [3].  It  has  also  been  reported  that  the 
window  width  and  the  decay  rates  increase  with  Write/Erase  cycl  i ng 
initially  and  then  decrease  [104,108]. 

The  decrease  in  the  window  width,  the  increase  in  the  decay  rates 
and  the  advancement  of  the  decay  rate  break  point  are  attributed  to 
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the  increase  in  the  nitride  conductivity.  The  increase  in  the  decay 
rates  is  also  due  to  the  increase  in  the  Si / S i 0 2 interface-state 
density,  which  enhances  back-tunnel i ng  of  charge  through  the  oxide.  A 
greater  increase  in  the  decay  rates  has  been  observed  in  devices  where 
hydrogen  has  been  incorporated  into  the  oxide  (e.g.  HC1  oxide)  than  in 
other  devices  [18,108].  This  suggests  that  the  increase  in  the  Si /Si 02 
interface-state  density  is  due  to  the  breakup  of  Si-H  bonds  at  the 
interface.  The  increase  in  the  nitride  conductivity  is  attributed  to 
the  breakup  of  N-H  bonds,  which  increases  the  nitride  shal  low  trap 
density.  The  negative  shift  in  the  memory  window  is  attributed  to  the 
creation  of  donor  type  Si / S i 0 2 interface-states  and  trapping  of  holes 
in  the  oxide.  The  breakdown  of  the  oxide  is  said  to  be  due  to  forcible 
hole  injection  through  the  oxide.  The  oxide  back-tunneling  current 
density  can  be  written  as  [108] 

Jb  - QINsse'Alxt  (7.1) 

where  Qj  is  the  initial  stored  charge,  Aj  is  a constant,  and  xt  is  the 
effective  tunnel ing  distance  from  the  charge  centroid  of  Qj.  Hence, 
the  initial  increase  in  the  decay  rates  reported  by  White  et  al.  [108] 
is  attributed  to  the  increase  in  Nss,  and  the  subsequent  decrease  in 
the  decay  rates  is  attributed  to  the  increase  in  x^.  resulting  from  the 
increase  in  the  nitride  conductivity. 

Similar  to  Write/Erase  cycling,  B-T  stress  also  increases  the 
Si / S i 0 2 interface-state  density  [76,81,89,110]  and  causes  the  thres- 
hold memory  window  to  move  in  the  negative  voltage  direction  [57,76]. 
The  former  is  attributed  to  trapping  of  electrons  in  the  oxide  and  to 
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H transport  and  accumulation  near  the  S i / S i 0 2 interface,  while  the 
latter  is  attributed  to  an  increase  in  the  fixed  oxide  charge  and  the 
stored  positive  charge.  The  increase  in  the  stored  positive  charge  is 
due  to  an  increase  in  the  hole  conductivity  in  the  oxide.  Discrete 
S i / S i 0 2 interface  traps  have  been  reported  by  Johnson  etal.  [79]  in 
thermal  oxide  devices  subjected  to  B-T  stress.  A greater  increase  in 
the  Si / S i 0 2 interface-state  density  is  obtained  for  positive  B-T 
stress  than  for  negative  B-T  stress  [111].  This  is  attributed  to  a 
positive  species  in  the  oxide  being  driven  to  the  Si / S i 0 2 interface 
during  positive  B-T  stress.  The  decay  rate  of  positive  stored  charge 
increases  under  negative  B-T  stress,  while  that  of  negative  stored 
charge  remains  unchanged  [72],  This  is  attributed  to  an  increase  in 
the  donor  Si / S i 0 2 interface  states  near  the  silicon  valence  band  edge. 

The  performance  of  an  MNOS  device  is  measured  in  terms  of  the 
endurance-retention  product,  which  is  the  product  of  the  number  of 
Write/Erase  cycles  and  the  cumulative  retention  time.  Typical  values 
for  this  product  are  10^  cycle-secs  for  commercial  devices  and  10^ 
cycle-secs  for  laboratory  devices  [1,2,105].  The  values  are  lower  when 
the  number  of  cycles  exceed  105  [105]. 

Endurance  can  be  improved  by  a post-ni tridation  H2  anneal,  which 
converts  some  of  the  Si  dangl  ing  bonds  and  Si-Si  bonds  in  the  oxide 
and  at  the  Si / S i 0 2 interface  to  Si-H  bonds,  reducing  the  Si / S i 0 2 
interface-state  density  [50,98].  However,  the  breakdown  field  of  the 
nitride  is  reduced  by  the  H2  anneal  [47],  Degradation  effects  can  be 
removed  by  a low  temperature  anneal  [76,98,105].  The  H lost  from  the 
N-H  does  not  diffuse  out  of  the  nitride  at  room  temperature  [52].  The 
anneal  facilitates  the  reformation  of  the  N-H. 
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7.2  Degradation  Models 

Degradation  effects  have  been  explained  by  Pryor  [112]  in  terms 
of  changes  i n three  types  of  states  that  occur  in  amorphous  silicon 
dioxide  and  amorphous  silicon  nitride.  These  states  are 

(i)  Localized  states  (defects,  dangling  bonds,  etc.)  which  can  be 
occupied  by  carriers  only  in  the  vicinity  of  a single  atom  with 
no  communication  between  adjacent  states. 

(ii)  Delocalized  states,  which  comprise  a number  of  localized  states 
between  whom  communication  has  been  made  possible. 

(iii)  Extended  states,  which  enable  carriers  to  move  throughout  the 
vol ume  of  the  solid. 

When  the  MNOS  is  subjected  to  Write/Erase  cycling,  the  high  field 
stresses  result  in  defect  related  local  structural  irreversibilities, 
which  cause  shifts  in  local  energy  levels.  Hence,  localized  states  are 
converted  to  delocalized  states.  Further  Write/Erase  cycling  results 
in  a network  of  delocalized  states.  These  ultimately  give  rise  to 
extended  states,  resulting  in  communication  between  the  substrate  and 
the  gate. 

Kirk  [46]  explains  the  degradation  effects  in  the  nitride  due  to 
Write/Erase  cycling  in  terms  of  VAP  states.  Some  singly  occupied 
(intermediate)  states  become  doubly  occupied  (deep)  states.  Since  the 
latter  are  permanently  charged,  the  device  becomes  degraded.  The 
states  near  the  oxide/nitride  interface  degrade  sooner  than  those 
further  away.  Hence,  the  charge  centroid  moves  deeper  into  the  nitride 
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due  to  the  decrease  in  the  number  of  intermediate  (memory)  states  near 
the  oxide/nitride  interface.  The  overall  reduction  in  the  number  of 
memory  states  result  in  a lower  stored  charge.  The  memory  properties 
can  be  restored  by  annealing  in  air,  which  removes  the  oxide  trapped 
charges  and  converts  the  deep  traps  back  to  intermediate  traps. 

Wurzbach  and  Grunthaner  [50]  postulate  that  Write/Erase  cycling 
causes  the  breakup  of  Si-Si  and  Si-H  bonds  near  the  oxide/nitride 
interface  [50],  giving  rise  to  Si  dangling  bonds.  Further  Write/Erase 
cycling  results  in  the  Si  dangling  bonds  losing  their  electrons  due  to 
impact  ionization  by  injected  electrons.  Hence,  a net  positive  charge 
is  created,  which  gives  a negative  memory  window  shift.  A Si  dangling 
bond  is  amphoteric.  That  is,  it  can  donate  an  electron  to  create  a 
positive  charge,  and  its  singly  occupied  dangling  orbital  can  also 
accept  an  electron.  In  the  latter  capacity,  it  provides  a hopping  site 
for  electrons  to  tunnel  out  of  the  sil icon  nitride  bulk.  Hence,  the 
creation  of  Si  dangling  bonds  increases  the  nitride  conductivity  and 
thereby  decreases  its  retentivity.  Although  Si -N  and  Si-0  bonds  in 
si  1 icon  ni tride  and  si  1 icon  dioxide  are  stronger  than  the  Si-Si  and 
Si-H  bonds,  they  too  break  at  times,  providing  amphoteric  sites  for 
charge.  The  Si'3  and  non-bridging  0 amphoteric  sites  from  the  breakup 
of  Si-0  bonds  are  self  annealing,  while  the  amphoteric  traps  from  the 
breakup  of  Si -N  bonds  can  be  annealed  out. 

Lai  [56]  has  proposed  a model  to  explain  the  traps  created  in  the 
oxide  and  at  the  S i / S i 0 2 interface  by  electrical  stresses.  The  breakup 
of  one  Si-0  bond  by  a hole  is  said  to  relax  another  adjacent  strained 
Si-0  bond.  The  electrostatic  energy  is  increased,  even  though  the 
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structural  energy  is  reduced.  The  coulombic  charge  center,  thus 
created,  easily  captures  an  electron  to  yield  a weak  bond  between  the 
Si  and  the  0 or  a Si  dangling  bond  and  a non-bridging  0 (dangling 
bond).  This  gives  a neutral  electron  trap  center  in  the  oxide  or  at 
the  Si / S i 0 2 interface  in  the  upper  half  of  the  silicon  bandgap. 

Jeppson  and  Svensson  [76]  describe  a model  for  degradation  under 
negative  B-T  stress,  in  which  some  of  the  many  weakly  bonded  Si-H 
bonds  in  the  oxide  and  at  the  Si / S i 0 2 interface  break  due  to  the 
stress.  The  H atom,  thus  released,  reacts  with  the  silicon  dioxide  to 
form  an  OH  bonded  to  a Si  atom  in  the  oxide.  The  Si  -OH  diffuses 
rapidly  in  the  oxide  under  negative  B-T  stress,  leaving  a Si  dangling 
bond.  The  increase  in  the  Si / S i 0 2 interface-state  density  is  attri- 
buted to  the  creation  of  these  dangling  bonds  at  the  interface.  In  the 
case  of  high  fields,  oxide  hole  traps  become  aligned  with  the  silicon 
valence  band,  resulting  in  hole  trapping  in  the  oxide.  These  trapped 
holes  also  give  rise  to  traps  at  the  S i / S i 0 2 interface.  Annealing 
reverses  these  processes  and  hence  reduces  the  Si / S i 0 2 interface- 
state  den  si  ty. 

Degradation  mechanisms  under  positive  B-T  stress  have  been  des- 
cribed by  Suzuki  et  al.  [57]  and  Huang  [81].  Electron  injection  from 
the  silicon  breaks  strained  Si-0  bonds  and  Si-H  bonds  near  the  Si / S i 0 2 
interface,  giving  rise  to  Si  dangling  bonds.  Also,  holes  injected  from 
the  gate  traverse  the  length  of  the  nitride  due  to  the  high  density  of 
states  near  the  -nitride  valence  band  edge  and  break  some  of  the  Si-H 
present  in  the  oxide  and  at  the  Si / S i 0 2 interface,  giving  rise  to  Si 
dangling  bonds  and  trivalent  silicon.  The  Si  dangling  bonds  at  the 
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S i / S i 0 2 interface  increase  the  interface-state  density,  while  the 
tri valent  Si  atoms  in  the  oxide  act  as  hole  traps.  A microchannel  of 
Si -H  bonds  along  the  oxide  can  lead  to  a conductive  path  through  the 
oxide  after  extended  stress.  Therefore,  devices  with  high  hole  conduc- 
tivity in  the  nitride  degrade  easily. 

7-3  Experimental  Results  of  Degradation  Studies 

Figure  7.1  shows  the  variation  of  the  interface-state  density 
versus  energy  curve  with  Write /Erase  eye  ling  for  a p+-gri dded  MNOS 
device.  It  can  be  seen  that  this  curve  becomes  higher  and  broader  with 
the  number  of  Write/Erase  cycles.  The  increase  in  the  interface-state 
density  can  be  attributed  to  the  creation  of  Si  dangling  bonds,  while 
the  broadening  of  the  curve  up  to  4xl09  cycles  can  be  attributed  to 
the  relieving  of  the  strain  in  the  Si  -0-Si  and  Si-Si  bonds  at  the 
silicon  surface  by  the  electrical  stresses  and  to  the  annihilation  of 
the  band  edge  states  (Si  dangling  bonds  and  Si-Si  bonds  in  the  oxide) 
by  the  repeated  change  in  polarity  of  the  electric  field.  Figure  7.2 
shows  the  surface  potential  versus  gate  voltage  curves  corresponding 
to  the  interface-state  density  curves  of  Figure  7.1.  It  can  be  seen 
that  the  curve  becomes  steeper  up  to  4xl09  cycles  and  then  becomes 
shal  lower.  The  former  is  due  to  the  reduced  band  edge  states,  which 
results  in  a lower  screening  charge  and  therefore  a greater  amount  of 
band-bending,  and  the  latter  is  due  to  the  high  interface-state 
density  at  10^9  cycles,  which  gives  rise  to  a large  screening  charge 
and  therefore  reduced  band-bending. 
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Fig. 7.1  Variation  of  the  S i /S i O2  interface-state  density  versus 
energy  curve  with  Write/Erase  cycling  for  the  p -gridded 
MNOS  capacitor. 
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Fig. 7. 2 Variation  of  the  surface  potential  versus  gate  voltage 
curve  with  Write/Erase  cycling  for  the  p+-gridded  MNOS 
capaci tor. 
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Figures  7.3  - 7.6  show  the  variation  of  the  interface-state 
density  versus  energy  curves  with  Write /Erase  eye  ling  for  the  four 
MNOS  devices,  and  Figures  7.7  - 7.10  show  the  variation  of  these 
curves  with  negative  B-T  stress  time.  A general  pattern  of  the  curves 
becoming  higher  and  broader  due  to  the  stresses  can  be  observed.  The 
bandgap  humps  tend  to  be  ironed  out  and  pulled  towards  the  band  edges. 
This  is  due  to  the  saturation  of  the  impurity  sites  and  the  relieving 
of  the  strained  bonds.  The  effect  of  stress  on  the  four  devices  seem 
to  be  similar,  except  that  device  #15  undergoes  significantly  less 
change  than  the  others.  This  is  due  to  the  poor  quality  nature  of  the 
oxide  in  device  #15,  which  allows  carriers  to  tunnel  through  it, 
reducing  the  damage  at  the  Si/Si02  interface  due  to  carrier  pile-up. 
Comparing  the  two  sets  of  curves,  it  can  be  seen  that  Write/Erase 
cycling  and  negative  B-T  stress  produce  similar  effects  at  the  Si/Si02 
interface. 

Figures  7.11  - 7.14  show  the  variation  of  the  retention  characte- 
ristics with  number  of  Write/Erase  cycles  and  hours  of  negative  B-T 
stress  for  the  four  MNOS  devices.  The  window  widths  increase  with 
number  of  Write/Erase  cycles  but  decrease  with  B-T  stress  time,  except 
for  device  #15,  where  the  window  width  increases  with  stress  time 
initially  and  then  decreases.  The  increase  in  the  window  widths  with 
Write/Erase  cycling  can  be  attributed  to  the  creation  of  hole  traps  in 
the  nitride.  The  window  width  has  been  shown  [37]  to  decrease  with 
extended  Write/Erase  cycling,  and  therefore  it  can  be  expected  to 
decrease  after  10^  cycles.  The  decrease  in  the  window  widths  with  B-T 
stress  time  is  due  to  the  hole  traps  in  the  nitride  being  annihilated 
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Fig. 7. 3 Variation  of  the  Si/SiO?  interface-state  density  versus 
energy  curve  with  Write/Erase  cycling  for  device  #3. 
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Fig. 7. 4 Variation  of  the  S i /S i O2  interface-state  density  versus 
energy  curve  with  Write/Erase  cycling  for  device  #4. 
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Fig. 7. 5 Variation  of  the  S i / S i 0 2 interface-state  density  versus 
energy  curve  with  Write/Erase  cycling  for  device  #7. 
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Fig. 7. 6 Variation  of  the  Si/SiO?  interface-state  density  versus 
energy  curve  with  Write/Erase  cycling  for  device  #15. 
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Fig. 7. 7 Variation  of  the  Si/SiO^  interface-state  density  versus 
energy  curve  with  negative  B-T  stress  time  for  device  #3. 
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Fig. 7.8  Variation  of  the  S i /S i O2  interface-state  density  versus 
energy  curve  with  negative  B-T  stress  time  for  device  #4. 
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Fig. 7. 9 Variation  of  the  Si /Si O2  interface-state  density  versus 
energy  curve  with  negative  B-T  stress  time  for  device  #7. 
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Fig. 7. 10  Variation  of  the  Si/SiO;?  interface-state  density  versus 

energy  curve  with  negative  B-T  stress  time  for  device  #15. 


Window  Width  (V) 


111 


Fig. 7. 11  Variation  of  memory  window  width  with  number  of  Write/Erase 
cycles  and  hours  of  negative  B-T  stress  for  the  four  MNOS 
devices. 
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Fig. 7. 12  Variation  of  memory  window  center  with  number  of  Write/Erase 
cycles  and  hours  of  negative  B-T  stress  for  the  four  MNOS 
devices. 
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Fig. 7. 13  Variation  of  positive  stored  charge  decay  rate  with  number 
of  Write/Erase  cycles  and  hours  of  negative  B-T  stress  for 
the  four  MNOS  devices. 
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Hrs  of  B-T  Stress 


Fig. 7. 14  Variation  of  negative  stored  charge  decay  rate  with  number 
of  Write/Erase  cycles  and  hours  of  negative  B-T  stress  for 
the  four  MNOS  devices. 
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by  hole  injection  from  the  silicon  under  negative  B-T  stress.  The 
errant  behavior  of  device  #15  is  due  to  the  poor  quality  oxide,  which 
allows  enough  holes  to  be  injected  into  the  nitride  to  offset  the 
effects  of  the  annihilation.  The  window  centers  become  more  negative 
for  both  Write/Erase  cycling  and  negative  B-T  stress,  consistent  with 
other  reported  results.  The  causes  for  this  are  an  increase  in  the 
donor  Si / S i 0 2 interface  states  and  hole  trapping  in  the  oxide.  The 
positive  stored  charge  decay  rates  increase  with  number  of  Write/Erase 
cycles  ana  negative  B-T  stress  time,  while  the  negative  stored  charge 
decay  rates  remain  almost  unchanged,  except  for  device  #15.  The 
increase  in  the  positive  stored  charge  decay  rates  can  be  attributed 
to  the  increase  in  the  Si / S i 0 2 interface-state  density  and  the 
increase  in  the  nitride  conductivity.  The  fact  that  the  increase  in 
the  negative  stored  charge  decay  rate  is  significantly  smaller  than 
that  in  the  positive  stored  charge  decay  rate  can  be  attributed  to  the 
smaller  stored  charge  and  the  lower  nitride  conductivity  for  electrons 
than  for  holes. 

The  effects  of  positive  B-T  stress  on  the  four  devices  were 
studied  cursorily.  They  were  found  to  be  more  detrimental  than  those 
of  negative  B-T  stress  in  that  the  insulator  capacitance  broke  down 
sooner.  This  suggests  that  holes  injected  from  the  gate  contribute 
significantly  to  the  degradation  of  the  insulator  layers  of  MNOS 
devices  and  that  a greater  damage  is  done  in  the  positive  half  of  the 
Write/Erase  cycle  than  in  the  negative. 

The  increase  in  the  Si /Si 02  interface-state  density  of  device  #15 
is  not  commensurate  with  the  very  significant  degradation  of  its 


116 


retention  characteristics.  From  this,  it  can  be  concluded  that  degra- 
dation proceeds  through  an  increase  in  the  nitride  conductivity  and  a 
deteri orati on  of  the  oxide  as  wel  1 as  through  an  increase  in  the 
Si / S i 0 2 interface-state  density.  Of  the  four  devices,  device  #7  mani- 
fests the  best  endurance  behavior  of  the  retention  characteristics. 
This  stresses  the  importance  of  the  pos  t-n  i tri  dati on  H2  anneal.  The 
use  of  the  higher  ammonia/DCS  ratio  in  device  #4  compared  to  device  #3 
does  not  seem  to  influence  the  effects  of  stress  on  the  retention 
characteristics  of  the  device.  Of  the  four  devices,  device  #15  under- 
goes by  far  the  worst  degradation  of  the  retention  characteristics. 
This  is  due  to  the  susceptibility  of  the  poor  quality  oxide  to  damage 
by  the  stresses. 

7 • 4 Quantitative  Illustration  of  Degradation  Effects 

A few  simple  calculations  and  some  heuristic  assumptions  are  used 
to  illustrate  the  individual  contributions  to  degradation  from  its  two 
major  sources  - the  increase  in  the  Si/Si02  interface-state  density 
and  the  change  in  the  nitride  stored  charge.  The  interface-state 
density  versus  energy  curves  of  device  #4  in  Figure  7.4  are  used  for 
this  purpose. 

To  start  with,  it  is  assumed  that  the  Si / S i 0 2 interface  states  in 
the  upper  half  of  the  silicon  bandgap  are  donors  and  those  in  the 
lower  half  are  acceptors.  The  interface-state  charge  is  given  by 

^ss  = -^l^ss^ss 


= A-j_q  x area  under  the  interface-state  density  curve  (7.2) 
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where  A ^ is  the  area  of  the  n-region.  It  was  found  that  the 
capacitance  value  used  to  determine  Vj^  (for  retention  measurements) 
corresponded  to  0.214  eV  on  the  energy  scale  for  both  0 and  107 
Write/Erase  cycles.  Therefore,  at  the  instant  of  the  VfH  measurement, 
all  the  states  in  the  upper  half  of  the  bandgap  are  charged  (positive- 
ly), while  only  the  states  up  to  0.214  eV  in  the  lower  half  of  the 
bandgap  are  charged  (negatively).  Hence,  as  the  107  cycle  curve  is 
higher  than  the  0 cycle  curve  in  the  upper  half  of  the  bandgap  and 
lower  near  the  valence  band  edge  in  the  lower  half  of  the  bandgap,  the 
total  excess  positive  charge  in  the  interface  states  at  107  cycles 
over  that  at  0 cycles  is  the  summation  of  the  area  between  the  curves 
in  the  upper  hal  f of  the  bandgap  and  the  area  between  the  curves  up  to 
0.214  eV  in  the  lower  half  of  the  bandgap.  These  areas  were  obtained 
by  extrapolating  the  lower  curve  vertically  to  meet  the  upper  curve  at 
each  band  edge  and  counting  elemental  rectangles.  The  total  number  of 
excess  positive  charges  in  the  interface  states  after  107  Write/Erase 
cycles  was  found  to  be  1.27xl0n  cm"2.  Then,  from  (7.2),  the  diffe- 
rence in  the  interface-state  charge,  AQSS,  works  out  to  l.llxlO"11  C. 

Assuming  that  the  effect  of  the  series  resistance  is  negligible 
at  1 MHz  (the  frequency  of  the  retention  measurements),  the  equivalent 
circuit  comprises  of  two  parallel  paths,  one  through  the  n-region  to 
the  substrate  and  the  other  through  the  p+-grid  to  the  substrate. 
That  is,  the  entire  gate  voltage  appears  across  each  of  these  paths. 
Hence,  in  (2.19),  to  obtain  the  contribution  to  from  the  silicon 
charges,  we  need  to  consider  only  the  path  through  the  n-region.  Then, 
assuming  that  the  effect  of  the  nitride  charge  centroid  movement  is 
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negligible  up  to  107  Write/Erase  cycles,  we  obtain  from  (2.19) 

AVTH  = AVTH  = " AQSs/CIn  ' AQt/CN  (7.3) 

where  AVy^,  AVy^,  AQSS  and  AQy  are  the  increments  in  the  respective 
quantities  after  107  Write/Erase  cycles.  Writing  AV$S  and  AVSC  as  the 
contributions  to  AVy^  from  the  increase  in  the  Si / S i 0 2 interface-state 
density  and  the  change  in  the  stored  charge  respectively,  we  have 


4VS$  = - AQss/CIn 

(7.4) 

AVSC  = - 4QT/CN 

(7.5) 

Substituting  for  AQSS  in  (7.4), 

A Vs$  = - 0.15  V 

From  the  window  center  versus  Write/Erase  cycles  curve  for  device 
in  Figure  7.12,  we  obtain 

AVfH  = - 0.27  V 

Therefore,  from  (7.3),  (7.4)  and 

(7.5), 

AVSC  - - 0.12  V 

Hence,  the  contributions  from 
comparable,  which  supports  the 
From  (7.5), 

the  two  degradation  mechanisms  < 
inference  made  is  Section  7.3. 

aQT  = - avsccn 

(7.6) 

From  (7.6),  the  change  in  the  nitride  stored  charge  works  out  to  a 
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positive  charge  of  1.2 9x10" 11  C.  In  Figure  7.11,  the  wi ndow  wi dth  is 
seen  to  increase  with  Write/Erase  cycles,  and  in  Figure  7.12,  the 
window  center  is  seen  to  become  more  negative  with  Write/Erase  cycles. 
These  suggest  that  the  positive  stored  charge  has  increased,  which 
•supports  the  above  result.  The  increase  in  the  nitride  trap  density  is 

ANt  = AQT/(qVn)  (7.7) 

where  Vn  is  the  nitride  volume.  Hence,  ANt  works  out  to  2.3xl016  cm"3. 
This  seems  reasonable  when  compared  to  the  reported  nitride  trap 
densities  of  0.9  - 8xl018  cm"3  (see  Section  5.2). 


CHAPTER  VIII 

CONCLUSIONS  AND  RECOMMENDATIONS 
8.1  Conclusions 

The  measured  interface-state  density  values  can  be  only  as  accu- 
rate as  the  model  used  to  extract  them  using  the  QSCV  technique.  The 
model  used  in  this  study,  which  was  theoretical  ly  derived,  has  been 
adequately  verified  from  the  simulation  of  the  C-V  curves.  A modifica- 
tion of  the  model  was  needed  to  simulate  the  high  frequency  C-V  curves 
in  accumulation.  This  did  not  affect  the  C-V  curves  in  the  depletion 
and  weak  inversion  regions. 

The  QSCV  technique  is  an  economic  and  convenient  tool  to  obtain 
several  device  parameters,  including  the  Si /Si 02  interface-state  den- 
sity. The  interface-state  density  characteri stic  had  a general  U shape 
and  a minimum  between  2xlOn  and  1012  eV^cm"2  for  the  four  devices. 
These  values  agree  well  with  other  reported  results.  The  humps  in  the 
interface-state  density  curves  were  explained  in  terms  of  the  nitride 
deposition  process.  The  four  devices  in  increasing  order  of  magnitude 
of  the  interface-state  density  curves  are  #7,  #3,  #4  and  #15.  The 
differences  were  interpreted  in  terms  of  the  different  processing 
condi ti ons . 

A V y|_j  decay  which  was  linear  with  log  time,  a break  point  in  the 
decay  rate,  with  a smal  ler  decay  rate  at  larger  times,  and  a higher 
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decay  rate  for  positive  stored  charge  than  for  negative  stored  charge 
were  observed.  These  were  explained  in  terms  of  discharging  mechanisms 
and  electric  fields  due  to  stored  charges.  Device  #3  had  the  largest 
memory  window,  while  device  #15  had  the  smallest.  However,  the  decay 
rates  of  device  #3  were  higher  than  those  of  devices  #4  and  #7.  The 
highest  decay  rates  were  observed  for  device  #15.  Device  #4  had  the 
most  negative  memory  window,  while  device  #15  had  the  least.  These 
retention  characteristics  were  interpreted  in  terms  of  the  chemical 
compositions  and  structures  resulting  from  the  different  processing 
conditions.  The  retention  characteri sties  of  the  four  devices  deterio- 
rated uniformly  with  temperature,  while  the  devices  retained  their 
relative  values.  The  variations  of  the  decay  rates  with  temperature 
were  used  to  identify  relative  trap  depths. 

The  effects  of  Write/Erase  cycling  and  negative  B-T  stress  on  the 
Si / S i 0 2 interface-state  density  and  retention  characteristics  of  the 
four  devices  were  studied.  Higher  and  broader  interface-state  density 
curves  resulted  from  the  stresses.  Except  for  the  negative  stored 
charge  decay  rates  for  devices  #3,  #4  and  #7  and  the  window  widths 
under  Write/Erase  cycling,  the  retention  characteristics  deteriorated 
uniformly  with  continued  stress.  The  negative  stored  charge  decay 
rates  for  the  three  devices  remained  almost  unchanged  by  stress,  and 
the  window  widths  increased  with  number  of  Write/Erase  cycles  (up  to 
107).  These  effects  were  explained  in  terms  of  several  degradation 
mechanisms.  Brief  studies  of  the  effects  of  positive  B-T  stress  on  the 
four  devices  and  of  Write/Erase  cycling  on  the  surface  potential 
versus  gate  voltage  curve  were  made.  It  was  shown  that  degradation 
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proceeds  through  the  deterioration  of  the  insulator  layers  as  well  as 
through  the  increase  in  the  Si / S i 0 2 interface-state  density,  and  that 
the  positive  half  of  the  Write/Erase  cycle  is  more  detrimental  to  the 
device  than  the  negative  half.  All  in  all,  device  #7  had  the  best 
endurance  behavior,  which  stresses  the  importance  of  the  post-ni trida- 
tion  H2  anneal,  while  devices  #3  and  #4  had  generally  the  same 
degradation  characteristics.  Device  #15  had  by  far  the  worst  endurance 
characteristics,  stressing  the  importance  of  the  NH^OH  clean  process. 

8.2  Recommendations 

The  origin  of  the  space  charge  loss  conductance  may  be  identi- 
fied through  quantum  mechanical  means  if  necessary.  Also,  quantitative 
descriptions  for  this  conductance  and  the  G-R  conductances  may  be 
formulated.  The  actual  majority  carrier  capture  cross-section  values 
of  the  Si / S i 0 2 interface  states  can  be  obtained  by  curve  fitting  of 
conductance  data.  Hence,  a more  complete  and  accurate  simulation  of 
the  C-V  curves  could  be  obtained. 

A few  more  processing  conditions  such  as  a thicker  oxide,  an  H 
impregnated  oxide,  additional  ammonia/DCS  ratios  and  inert  gas  and  N2 
anneals  could  be  used  to  obtain  a deeper  insight  into  trap  origins  and 
trapping  and  detrapping  mechanisms.  Measurement  of  the  retention 
characteristics  at  more  temperature  points  may  yield  a more  concrete 
knowledge  of  trap  levels  in  the  nitride.  Degradation  studies  may  be 
extended  further  to  determine  whether  the  observed  endurance  behaviors 
will  continue  under  prolonged  stress. 
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APPENDIX  A 
PHYSICAL  CONSTANTS 


Electronic  charge,  q = 1.602xl0'19  C 
Permittivity  of  free  space,  eQ  = 8.854xl0-14  F/cm 
Boltzmann  constant,  k = 1.38xl0'23  J/°K 

The  following  values  are  at  300°K: 

Thermal  voltage,  1/6  = kT/q  = 0.02584  eV 

Relative  permittivity,  er  - Si:  11.9,  Si02 : 3.9,  Si 3N4 : 7.5 
Bandgap  energy  of  silicon,  Eg  = 1.107  eV 
Intrinsic  carrier  density  of  silicon,  ni  = 1.45xl010  cm"3 
Thermal  velocity  of  electrons,  vth  = 107  cm/s 

Breakdown  Field,  Fbd  (V/crn)  - Si:  3xl05,  Si02:  6xl06,  Si 3N4:  107 

Density  (g/cc)  - Si:  2.33,  Si02 : 2.2,  Si 3N4 : 3.44 
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APPENDIX  B 

MNOS  QUASI-STATIC  ANALYSIS  PROGRAM 


The  MNOS  quasi-static  analysis  program  is  listed  below.  The  input 
parameters  Al,  CIN,  CIP,  CMN,  ND,  N,  XNC,  XNA  and  XND  denote  respec- 
tively the  area  of  the  n-region  (cm2),  the  insulator  capacitance  above 
the  n-region  (pF),  the  insulator  capacitance  above  the  p+-grid  (pF), 
the  minimum  measured  capacitance  (pF),  the  device  number,  the  number 
of  data  points,  the  number  of  cycles,  the  acceptor  density  of  the  p+- 
grid  (cm-2)  and  the  donor  density  of  the  n-region  (cm-2).  The  input 
variables  V,  CMO  and  CM  are  respectively  the  bias  voltage  (V),  the 
quasi-static  measured  capacitance  (pF)  and  the  high  frequency  measured 
capacitance  (pF).  The  output  variables  V,  PS,  CSC,  CPN,  CPO,  E and  NSS 
are  respectively  the  bias  voltage  (V),  the  surface  potential  (V),  the 
space  charge  capacitance  (pF),  the  p+-n  junction  capacitance  (pF), 
the  quasi-static  interface-state  capacitance  (pF),  the  energy  (eV)  and 
the  interface-state  density  (eV^cm-2). 

C MNOS  QUASI-STATIC  ANALYSIS  PROGRAM. 

C 

DIMENSION  CM( 50 ) ,CM0( 50) ,CS(50),E(50),PS(50),V(50),XNS(50) 

C INPUTS. 

READ  100,  Al, CIN, CIP, CMN, ND,N, XNC, XNA, XND 
READ  110,  (V(I),  1=1, N) 

READ  120,  (CMO(I),  1=1, N) 

READ  120,  ( CM ( I ) , 1=1, N) 
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C SCALING  OF  CAPACITANCES. 

DO  5 1=1, N 

CM ( I ) =1 . E-12*CM( I ) 

5 CMO( I ) =1 . E-12*CMO( I ) 

C I N= 1 . E-I2*CIN 
CIP=1.E-12*CIP 
CMN=1.E-12*CMN 
CMN= l./(l./( CMN-C IP)— l./CIN) 

C INITIALIZATION  OF  FLAGS. 

K=0 

L=0 

M=0 

C RECURSIVE  DETERMINATION  OF  DONOR  DENSITY  AND  BUILT-IN  POTENTIAL 
A=1 . 808E-16*A1*SQRT(XND) 

AA=A 
AD=A 
10  CA=1 . 

PSD= . 1 

XND=( A/Al )**2/3.267E-30 
D=2.103E20/XND**2 
VBl=.02584*AL0G(XNA*XND/2 . 103E20) 

VB=VB1/. 02584-2. 

PS1=-VB*. 02584- . 9*PSD 
15  PS  1= PS 1 +PSD 
H=PS1/. 02584 

C=ABS(A*(D*(1.-EXP(-H))+EXP(H)-1.)/SQRT(D*(EXP(-H)+H-1.) 

* +EXP(H)-H-1. ) )+A/SQRT ( VB+H  ) 

IF  (C.GE.CA)  GO  TO  20 
CA=C 

GO  TO  15 

20  PSl=PSl-2 . *PSD 
PSD= . 1*PSD 

IF  (PSD. LT. .0001)  GO  TO  25 
CA=1 . 

GO  TO  15 

25  IF  (C.EQ.CMN)  GO  TO  40 
IF  (C.GT.CMN)  GO  TO  30 
A-A+AD 
L=1 

GO  TO  10 

30  IF  (L.EQ.l)  GO  TO  35 
PRINT  270 
PRINT  200 
STOP 

35  A=A-AD 
AD= . 1*AD 

IF  (AD.GE. .001*AA)  GO  TO  10 
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C DETERMINATION  OF  SURFACE  POTENTIAL,  SPACE  CHARGE  CAPACITANCE, 
C P-N  JUNCTION  CAPACITANCE,  INTERFACE-STATE  CAPACITANCE,  ENERGY 
C AND  INTERFACE-STATE  DENSITY. 

40  B=1.602E-19*A1 
L=0 

PB=.02584*AL0G(XND/1 .45E10) 

Bl=. 5535+PB 
PS1= . 2 

45  DO  60  1=1, N 
11=1 

IF  (K.EQ.l)  I 1=N- 1+1 

IF  (Il.EQ.L)  GO  TO  80 

CS1=1 . / ( 1 . / ( CM ( I1)-CIP)-1./CIN) 

PSD=. 1 

IF  (K.EQ.l)  PSD=- . 1 
IF  (K.EQ.l.OR.I.EQ.l)  GO  TO  50 
IF  (CS1.GE.CSP)  GO  TO  55 
50  CALL  SPOT  (A,CPN,CS1,D,M,PSD,PS1,VB) 

CSP=CS1 

PS(I1)=PS1 

E(I1)=PS1+B1 

CMO( Il)=l . /( 1 ./ (CMO( II) -Cl P ) — 1 . /CIN) -CS1 
XNS ( I 1 ) =CMO ( I 1 ) / B 
CM (II ) =CPN 
CS( II) =CS1 -CPN 
GO  TO  60 
55  K=1 

L=  I - 1 
M=0 

PS1=-VB*. 02584- . 09999 
GO  TO  70 


60  CONTINUE 

GO  TO 

80 

70  GO  TO 

45 

OUTPUTS. 

80  PRINT 

200 

PRINT 

210 

PRINT 

220, 

ND 

PRINT 

230, 

XNC 

PRINT 

240, 

PB 

PRINT 

250, 

VBl 

PRINT 

260, 

XND 

PRINT 

300 

DO  90 

1=1, 

N 

90  PRINT  310,  V( I ) , PS(  I ) , CS(I)*1.E12,  CM ( I )*1.E12, 
* CMO( I )*1 . E12,  E( I ) , XNS(I) 

PRINT  200 
STOP 
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100  FORMAT  ( E6 . 3, 3F3 . 1 , 13 , 12, 3E5 . 1 ) 

110  FORMAT  (20F4.2) 

120  FORMAT  (20F3.1) 

200  FORMAT  ('1') 

210  FORMAT  ( ///T10, ' MNOS  QUASI-STATIC  ANALYSIS.  ( AAMD ) 1 ) 

220  FORMAT  (///T10, 'DEVICE  # : ',13) 

230  FORMAT  (/T10,‘#  OF  CYCLES  = \E8.2) 

240  FORMAT  ( /T10, ' BULK  POTENTIAL  = ' ,F5.3,'  V') 

250  FORMAT  ( /T10, ' BUILT-IN  POTENTIAL  - ',F5.3,'  V1) 

260  FORMAT  (/T10, ' EFFECTIVE  DONOR  DENSITY  = 1 ,E10.4, ' /C.CM') 

270  FORMAT  ( ///T10, 'MIN.  CAP.  EXCEEDED  INITIALLY.') 

300  FORMAT  ( /////T5 , ' V( V) ' ,T15, 'PS(V) ' ,T25, 'CSC(PF) ' ,T35 , ' CPN( PF) ' , 

* T45, 'CPO(PF) ' ,T60, ' E(EV) ' ,T70, ' NSS(/EV/SQ . CM) '/) 

310  FORMAT  (T5 , F5 . 2 ,T15, F6 . 3,T25 , F6 . 1 ,T35 , F6. 1 ,T45,  E9. 3, T60, F5 . 3, 

* T70, E9. 3) 

END 


SUBROUTINE  SPOT  (A,CPN,CS1,D,M,PSD,PS1,VB) 

C 

C DETERMINATION  OF  SURFACE  POTENTIAL,  SPACE  CHARGE  CAPACITANCE  AND 
C P-N  JUNCTION  CAPACITANCE. 

IF  ((M.EQ.l)  GO  TO  40 
C=l. 

10  PS1  = PS 1 - PSD 
20  CA=C 

30  IF  (ABS(PSl).LT. .0005)  PS1= . 0004 
H=PS1/. 02584 
CPN=A/SQRT ( VB+H ) 

C=ABS( A*(D*(1. -EXP(-H) )+EXP(H)-l. )/SQRT(D*( EXP(-H)+H-1 . ) 

* +EXP(H)-H-1.))+CPN 

IF  (C.EQ.CS1)  GO  TO  70 
IF  (C.GE.CA.AND. PSD.GT. .002)  GO  TO  50 
IF  (C.GE.CA)  GO  TO  60 
IF  (C.GT.CS1)  GO  TO  10 
PS1= PS1+PSD 
40  PSD=.1*PSD 

IF  (ABS(PSD).LT. .0002)  GO  TO  70 
C=l. 

GO  TO  20 

50  PS1=PS1+. 9*PSD 
PSD= . 1*PSD 
GO  TO  30 
60  PS1  = PS1+PSD 
70  M=1 
RETURN 
END 


APPENDIX  C 

MNOS  C-V  CURVE  SIMULATION  PROGRAM 


The  MNOS  C-V  curve  simulation  program  for  the  model  in  Figure  4.7 
is  listed  below.  The  input  parameters  Al,  CIN,  CIP,  N,  XNA  and  XND 
have  the  same  notations  as  in  Appendix  B,  while  RS  and  NF  represent 
the  series  resistance  (Ohms)  and  the  number  of  frequencies  (including 
the  quasi-static  case)  respectively.  The  input  variables  E,  F,  R,  SN 
and  XNS  are  the  interface-state  energy  (eV),  the  frequency  (Hz),  the 
reciprocal  of  the  space  charge  loss  conductance  (Ohms),  the  ma jori ty 
carrier  capture  cross-section  of  a continuum  of  interface  states  (cm^) 
and  the  interface-state  density  (eV^cm'^)  respectively.  The  output 
variables  PS  and  CM  have  the  same  notations  as  in  Appendix  B. 


C MNOS  C-V  CURVE  SIMULATION  PROGRAM 
C 

COMPLEX  Y 

DIMENSION  CPN(50),CS0(50),E(50),F(30),R(30),SN(50),XNS(50) 
C INPUTS. 

READ  100,  A1,CIN,CIP,RS,N,NF,XNA,XND 
READ  110,  ( E( I ) , 1=1, N) 

READ  120,  ( F( I ) , 1=1, NF) 

..  . READ  130,  ( R ( I ) , 1 = 1, NF) 

READ  140,  ( SN( I ) , 1=1, N) 

READ  150,  ( XNS ( I ) , 1=1, N) 

C COMPUTATION  OF  CONSTANTS. 

CIN=1.E-12*CIN 

CIP=1.E-12*CIP 

A=1.808E-15*A1*SQRT(XND) 

A 1 = 1 . 602E-!9*A1 
D=2 . 103E20/XND**2 
PB=.  02584*AL0G(XND/1 . 45E10 ) + . 5535 
VB=AL0G( XNA*XND/2 . 103E20 ) 
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C COMPUTATION  OF  BIAS  DEPENDENT  VARIABLES. 

DO  10  1=1, N 
E( I )=E( I ) -PB 
H=E( I )/. 02584 
CPN(I)=A/SQRT(VB+H-2. ) 

CSO( I ) =A*ABS( (D*(l .-EXP(-H) )+EXP(H)-l . )/ SQRT ( D* ( EXP ( - H ) 

* +H-1 . )+EXP( H) -H-l . ) ) 
SN(I)=1./(1.E7*SN(I)*XND*EXP  H) ) 

10  XNS( I ) =A1*XNS( I ) 

C COMPUTATION  OF  FREQUENCY  AND  BIAS  DEPENDENT  VARIABLES;  OUTPUTS 
PRINT  200 
PRINT  210 
DO  50  1=1, NF 

PRINT  220,  F( I ) 

F(I)=6.283*F(I) 

PRINT  230 
DO  40  J = 1,N 
T=F( I )*SN( J) 

IF  (F(I).LT.l.)  GO  TO  20 

CP=XNS(J)*ATAN(T)/T 

GP=XNS(J)*AL0G(1.+T**2)*F(I)/(2.*T) 

GO  TO  30 

20  CM=(CIP+1./(1./(CS0(J)+CPN(J)+XNS(J))+1./CIN))*1.E12 

GO  TO  40 

30  Y=1./(1./(1./(R(I)+1./CMPLX(0.,F(I)*CS0(J)))+CMPLX(GP, 

* F(I)*(CPN(J)+CP)) )+l./CMPLX(0.,F(I)*CIN)) 

Y-l . / ( 1 . / ( Y+CMPLX (0 . ,F(I)*CIP))+RS) 

CM=AIMAG( Y)*l . E12/F ( I ) 

40  PRINT  240,  E(J),  CM 

50  CONTINUE 
PRINT  200 
STOP 

100  FORMAT  ( E6. 3.2F3. 1 ,F3 .0,212 , E5 . 1, E7.3) 

110  FORMAT  (40F2.2) 

120  FORMAT  (20E4.1) 

130  FORMAT  (15E5.2) 

140  FORMAT  (15E5.1) 

150  FORMAT  (12E6.2) 

200  FORMAT  ( T) 

210  FORMAT  ( ///T10 , ' MNOS  MODEL  VERIFICATION.  ( AAMD ) 1 ) 

220  FORMAT  ( ///T10, 1 FREQUENCY  = ' , E8. 2//) 

230  FORMAT  ( T15 , ' PS  ( V ) ' , T25 , ' CM  (PF  '/) 

240  FORMAT  ( T15 , F6 . 3, T25 , F5 . 1 ) 

END 
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